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FOREWORD 


This  symposium  volume  provides  a  description  of  the  research  cruise  by  the 
NOAA  Ship  RESEARCHER  and  R/Y  G.  W.  PIERCE  to  the  IXTOC-I  oil  spill  in  September 
1979,  and  of  the  initial  results  from  the  analyses  of  data  and  samples  from 
that  cruise.  The  purpose  of  this  symposium  was  to  provide  a  forum  for  early 
release  of  these  results  to  the  public  and  to  allow  the  investigators  partici- 
pating in  the  effort  to  conduct  a  scientific  dialogue.  Given  the  large  number 
of  samples  to  be  analyzed  and  the  complexity  of  the  analytical  chemistry,  as 
well  as  of  the  geochemical  and  microbiological  results,  there  is  still  much  to 
be  done,  especially  as  regards  interrelation  of  results  from  various  groups  and 
efforts.  Nevertheless,  it  was  decided  that  the  data  were  of  sufficient  inter- 
est and  importance  to  those  involved  on  a  day-to-day  basis  with  oil  pollution 
research  and  responding  to  oil  spills  to  warrant  a  report  at  this  time.  This 
was  done  with  the  recognition  that  scientists,  and  others  interested  in  this 
topic,  will  not  find  this  report  as  useful  as  the  more  comprehensive  and  com- 
plete scientific  and  layman's  version,  which  will  follow  within  a  one-year 
period. 

A  complete  listing  of  the  types  and  numbers  of  samples  collected  is  given 
in  Appendix  I  of  this  report.  Appendix  II  describes  the  sample  coding  used  in 
tracking  all  samples  collected  during  the  cruise.  We  feel  that  the  results 
described  herein,  on  the  analysis  of  these  samples,  are  interesting  and  signif- 
icant. Compounds  resulting  from  photooxidation  experiments  conducted  on 
IXTOC-I  crude  oil  were  the  same  as  those  found  in  situ  in  the  area  of  the  spill 
plume.  Interestingly,  these  same  compounds  were  formed  by  microbial  action  in 
microcosm  experiments  conducted  in  the  dark  on  board  the  RESEARCHER,  but  in 
differing  amounts  and  ratios.  It  is  also  clear  that  the  entire  microbial  com- 
munity responds  to  the  spilled  oil  and  that  a  population  of  petroleum  degrading 
bacteria  can  grow  rapidly  enough  to  consume  the  oil  at  relatively  rapid  rates. 
However,  the  growth  of  these  bacterial  populations  in  the  tropical  surface 
waters  of  the  Bay  of  Campeche  was  nutrient-limited.  These  facts  lead  to  an 
interesting  hypothesis  that  spraying  oil  spilled  in  such  an  environment  with 
solutions  of  nutrients  (fertilizer)  might  be  an  effective  method  for  enhancing 
the  natural  ability  of  the  ecosystem  to  cleanse  itself  and  for  combating  future 
spills.  It  is  at  least  an  approach  which  should  be  tested.  We  hope  that  these 
and  the  other  detailed  results  described  in  the  individual  pages  of  this  volume 
are  of  use  to  the  scientific  community  and  welcome  any  comments  or  feedback  of 
ideas  individuals  might  want  to  put  forward. 

Dr.  Donald  K.  Atwood 
Chief  Scientist 
IXTOC-I  Research  Cruise 
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THE  MISSION  OF  THE  SEPTEMBER  1979  RESEARCHER/PIERCE  IXTOC-I  CRUISE 
AND  THE  PHYSICAL  SITUATION  ENCOUNTERED 


Donald  K.  Atwood  and  John  A.  Benjamin 

Atlantic  Oceanographic  and  Meteorological  Laboratories 

National  Oceanic  and  Atmospheric  Administration 

15  Rickenbacker  Causeway 

Miami,  Florida  33149 


John  W.  Farrington 

Woods  Hole  Oceanographic  Institution 

Woods  Hole,  Massachusetts  02543 


1.   INTRODUCTION 

The  IXTOC-I  well  blew  out  on  June  9,  1979,  with  an  initially  estimated 
flow  of  about  30,000  bbl  of  oil  per  day.  Although  this  flow  seemed  to  some 
observers  to  lessen  during  the  summer,  there  was  still  a  considerable  discharge 
of  oil  into  the  Gulf  of  Mexico  in  August,  1979,  three  months  later.  A  detailed 
account  of  the  blowout  and  subsequent  events  up  to  late  November,  1979,  is 
available  in  testimony  before  the  U.S.  Senate  (Campeche  Oil  Spill:  Joint  hear- 
ing before  the  Committee  on  Commerce,  Science  &  Transportation,  and  the  Commit- 
tee on  Energy  and  Natural   Resources—December  5,  1979,   Serial  No.  9666). 

In  September,  1979,  the  NOAA  Ship  RESEARCHER  and  the  Tracor-Marine-owned- 
and-operated  R/V  PIERCE  conducted  a  research  cruise  to  the  site  of  the  IXTOC-I 
blowout  in  the  southern  Bay  of  Campeche  and  then  proceeded  along  the  coast  of 
the  western  Gulf  of  Mexico  (Figures  1  and  2).  This  cruise  was  part  of  NOAA's 
overall  response  to  this  oil  spill.  The  specific  mission  of  the  cruise  was 
limited  to  conducting  research  on  the  biogeochemistry  of  the  spilled  oil,  e.g., 
the  kinds  and  rates  of  chemical   and  microbial   weathering. 

The  purpose  of  this  paper  is  to  provide  basic  information  on  the  cruise, 
the  physical  situation  encountered  during  the  cruise,  and  the  overall  strategy 
as  background  for  other  papers  in  this  volume. 

The  primary  vessel  for  the  cruise  was  the  NOAA  Ship  RESEARCHER,  which  is 
equipped  with  extensive  laboratory  space.  This  space  was  augmented  by  one  lab- 
oratory van  and  a  portable  freezer  unit.  A  helicopter  landing  platform  was 
placed  aboard  for  a  four-passenger  helicopter,  leased  from  Crescent  Airways, 
Inc.,  along  with  its  crew.  This  helicopter  proved  to  be  absolutely  essential 
to  operating  the  vessels  and  to  the  research.  It  allowed  observation  of  oil 
coverage  over  large  areas  and  was  consistently  used  to  observe  the  position  of 
the  well  discharge  plume  and  the  positions  of  the  two  ships  relative  to  it. 
Since  the  RESEARCHER'S  engine  cooling  system  does  not  permit  entry  into  heavily 
oiled  waters,  a  second,  keel-cooled  vessel,  the  R/V  PIERCE,  was  leased  from 
Tracor  Marine  to  accompany  the  RESEARCHER  to  the  blowout  site.  This  vessel's 
laboratory  space  also  was  augmented  by  two  portable  laboratory  vans.  During 
the  cruise,  the  R/V  PIERCE  sampled  in  the  well  output  plume,  up  to  within  a  few 
hundred  meters  of  the  flame  at  the  wellhead.  At  the  same  time,  the  RESEARCHER 
sampled  along  the  edge  of  the  plume  and  provided  extensive  laboratory  space  for 
sophisticated  sample  workup  and  underway  experiments.  Sample  transfer  between 
the  two  vessels  was  accomplished  using  small   boats  and  the  helicopter. 

Both  ships  staged  up  for  the  cruise  in  Miami,  Florida,  and  departed  that 
port  on  September  11.  A  timetable  for  the  cruise  is  given  in  Table  1,  and  the 
overall  cruise  track  is  shown  in  Figure  1.  Figure  2  shows  the  detail  of  sta- 
tions occupied  in  the  immediate  vicinity  of  the  blowout  and  along  the  blowout 
plume. 


Table  1.     Timetable  for  RESEARCHER/PIERCE   IXTOC-I   Cruise   (September  1979). 


Date 


Activity 


11  September 

13  September 

14  September 

15  September 

16  September 

16-21  September 

22  September 

23  September 

24  September 

25  September 

26  September 

27  September 


Departed  Miami 

Commenced  helicopter  reconnaissance 

Cleared  Arrecife,  Alcaran,  off  Yucatan;  set  up  first  con- 
trol (R2,  PI)  station  at  21°41*N,  90°24'W 

Arrived  at  NE  extremity  of  plume;  set  up  second  control 
station  (R4,  P2)  at  19°48'N,  91°22'W 

PIERCE  arrived  at  wellhead,  RESEARCHER  commenced  sampling 
plume 

Both  ships  sampled  in  vicinity  of  wellhead  and  plume 

Both  ships  sampled  off  Veracruz,  Mexico  (R12,  P16,  P17) 

PIERCE  departed  for  Galveston,  Texas,  RESEARCHER  sampled 
off  Tampico,  Mexico 

RESEARCHER  sampled  sediment  transect  south  of  U.S. /Mexico 
border 

RESEARCHER  sampled  off  Brownsville,  Texas;  sampled  BLM 
sediment  transect  off  Brownsville 

RESEARCHER  sampled  off  Corpus  Christi,  Texas 

RESEARCHER  and  PIERCE  tied  up  in  Galveston,  Texas 
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Figure  2.      IXTOC-I    Campeche   oil    spill    cruise,    11-27    September   1979,    expanded 
wellhead  region. 


2.   PHYSICAL  SITUATION 


2.1  Effects  of  Gulf  Circulation  on  IXTOC-I  Oil 


At  the  time  of  the  cruise,  the  Gulf  Loop  Intrusion  was  at  a  maximum,  with 
the  northern  extremity  reaching  very  close  to  the  Mississippi  River  Delta.  The 
extent  of  this  intrusion  was  maintained  at  least  through  April  of  1980,  with  no 
formation  of  major  eddies  as  a  result  of  pinching  off  the  intrusion  as 
described  by  Maul  (1977)  and  Molinari  (1978).  Nor  was  there  any  evidence  of 
relic  eddies  in  the  northern  or  western  Gulf.  The  western  boundary  current, 
described  by  Sturges  and  Blaha  (1976)  as  existing  along  the  coasts  of  Mexico 
and  Texas,  was  operative  throughout  the  summer  of  1979  and  constituted  a  north- 
erly flow  (Gait,  personal  communication).  Flow  in  the  western  Gulf  of  Mexico 
carried  IXTOC  oil  northwesterly  through  June,  July,  and  August  of  1979,  so  that 
major  concentrations  occurred  mostly  in  a  triangle  with  apexes  at  the  IXTOC-I 
wellhead,  Veracruz,  Mexico,  and  at  Cabo  Rojo,  Mexico,  which  is  just  south  of 
Tampico.  In  late  July  and  early  August,  beaches  along  the  south  Texas  coast 
were  heavily  oiled  by  IXTOC  oil  that  had  moved  considerably  north  of  this  tri- 
angle. This  was  not  the  case  in  September  when  the  RESEARCHER/PIERCE  cruise 
was  in  progress.  Seasonal  current  shifts  resulted  in  minimal  amounts  of  oil 
being  found  within  the  above-described  triangle.  Instead,  major  surface  con- 
centrations of  oil  were  found  to  the  northeast,  east,  and  southeast  of  the 
well.  This  will  be  discussed  further  below. 

2.2  CI imatic  Factors 

Immediately  prior  to  departure  of  the  vessels  from  Miami,  Hurricane  Fred- 
erick crossed  the  western  tip  of  Cuba  and  traversed  the  eastern  Gulf  of  Mexico 
with  a  landfall  at  Mobile  Bay  on  September  13.  During  the  early  stages  of  work 
in  the  wellhead  and  blowout  plume  area  (September  14-17),  Tropical  Storm  Henri 
developed  off  Yucatan  and  moved  in  an  erratic  course  across  the  southwestern 
Gulf.  The  fringes  of  this  storm  were  felt  in  the  plume  area  on  the  16th  and 
17th  of  September,  resulting  in  seas  in  excess  of  fifteen  feet.  Both  vessels 
operated  throughout  this  storm  period  with  minimal  time  loss.  However,  all 
drilling  rigs  in  the  vicinity  of  IXTOC  I  were  evacuated  and  any  oil  cleanup 
operations  in  progress  were  abandoned. 

Wind  speeds  and  directions  observed  by  RESEARCHER  personnel  are  given  in 
Table  2  for  the  dates  during  which  that  vessel  operated  in  the  wellhead/plume 
area  and  off  Veracruz,  Tampico,  Brownsville,  and  Corpus  Christi.  As  can  be 
seen,  except  for  the  16th  of  September  when  Henri  was  just  north  of  the  operat- 
ing area,  wind  speeds  seldom  exceeded  15  knots.  These  winds  did  not  appear  to 
control  the  direction  of  oil  flow,  as  evidenced  by  the  fact  that  wind  direction 
was  often  180°  to  direction  of  the  plume  flow.  The  wind  may  have  had  signifi- 
cant effects  on  weathering  and  weathering  rates,  as  will  be  discussed  below. 

Table  3  is  a  listing  of  wet  and  dry  bulb  temperatures  recorded  by  the 
RESEARCHER  Quartermaster  Department  during  the  cruise.  As  can  be  seen,  daytime 
dry  bulb  temperatures  in  the  southern  Bay  of  Campeche  were  consistently  above 


Table  2.     Wind     speed    and    direction     observed    during 
IXTOC-I   Cruise   (September  1979). 


the     RESEARCHER/PIERCE 


Date 

Time 
(Local /Mi  ami ) 

Speed 
(Knots) 

Dir. 
(True) 

Position 

14  Septamber 

0800 
1500 
2000 

05 
14 
08 

010 
015 
000 

21°42.3'N 
21°40.2'N 
21°24.0'N 

090°23.5'W 
090°23.8'W 
090°46.0'W 

15  September 

0800 
1500 
2000 

12 
12 
Lt.  Airs 

010 
320 

20°54.6'N 
19°30.2'N 
19048.8'N 

091°10.8'W 
091°29.8'W 
091°21.7'W 

16  September 

0800 
1500 
2000 

15 
16 
24 

215 
220 
215 

19°55.8'N 
19°49.4'N 
19°58.8'N 

091°14.3'W 
091°32.6'W 
091°32.0'W 

17  September 

0800 
1500 
2000 

10 
Lt.  Airs 
08 

130 
075 

19°49.5'N 
19°34.9'N 
18058.2'N 

091°33.5'W 
091°46.7'W 
091°54.0'W 

18  September 

0800 
1500 
2000 

10 
Lt.  Airs 
11 

090 
340 

19°32.2'N 
19°34.7'N 
19°21.0'N 

091°59.1'W 
091°57.9'W 
091°51.8'W 

19  September 

0800 
1500 
2000 

07 
12 
12 

030 
330 
000 

19°34.3'N 
19°44.8'N 
19°19.8!N 

092°19.8'W 
092°30.2'W 
091°59.0'W 

20  September 

0800 
1500 
2000 

10 
13 
16 

250 
260 
250 

19°30.6'N 
19°19.5'N 
19°17.5'N 

091°50.1'W 
091°56.8'W 
092°08.3'W 

21  September 

0800 
1500 
2000 

12 
15 
13 

225 
300 
305 

19°19.1'N 
19°18.4'N 
19°15.1'N 

092°13.0'W 
092°12.8'W 
093°11.0'W 

22  September 

0800 
1500 
2000 

12 
14 
17 

355 
330 
350 

19°15.1'N 
19°14.2'N 

19°56.0'N 

095°10.8'W 
094°56.2'W 
095°15.1'W 

23  September 

0800 
1500 
2000 

15 
16 
13 

350 
360 
035 

22°00.1'N 
22°30.0'N 
22°22.6'N 

096°40.6'W 
096°58.0'W 
097°31.7'W 

24  September 

0800 
1500 
2000 

12 
13 
12 

340 
000 
025 

23°38.6'N 
24°09.1'N 
25°03.2'N 

097°20.2'W 
096°32.1'W 
096°42.9'W 

25  September 

0800 
1500 
2000 

16 
17 
18 

015 
005 
020 

25°58.7'N 
26°10.0'N 
26°10.1'N 

096°48.6'W 
097°01.0'W 
096°20.0'W 

26  September 

0800 
1500 
2000 

16 
15 
14 

030 
010 
080 

27°17.2'N 
27°41.7'N 
28°20.3'N 

096°11.0'W 
095°48.5'W 
095°10.9'W 

Table  3.     Wet  and  dry  bulb  temperatures   observed  during   the   RESEARCHER/PIERCE 
IXTOC-I   Cruise   (September  1979). 


Date 

Time 
(Local /Mi  ami) 

Wet 
Bulb 

Dry 
Bulb 

Position 

14 

September 

0800 
1500 
2000 

26.5 
25.7 
26.5 

30.5 
29.1 
29.0 

21°42.3 
21°40.2 
21°24.0 

N 

N 
N 

090°23.5'W 
090°23.8'W 
090°46.0'W 

15 

September 

0800 
1500 
2000 

27.0 
26.3 
26.0 

29.5 
28.6 
26.5 

20°54.6 
19°30.2 
19°48.8 

N 
N 
N 

091°10.8'W 
091°29.8'W 
091°21.7'W 

16 

September 

0800 
1500 
2000 

26.0 
25.0 
25.0 

28.0 
26.8 
27.0 

19°55.8 
19°49.4 
19°58.8 

N 
N 
N 

091°14.3'W 
091°32.6'W 
091°32.0'W 

17 

September 

0800 

.  1500 

2000 

24.0 
22.1 
23.5 

27.0 
27.4 
27.5 

19°49.5 
19°34.9 
18°58.2 

N 
N 
N 

091°33.5'W 
091°46.7'W 
091°54.0'W 

18 

September 

0800 
1500 
2000 

25.0 
25.2 
25.0 

28.5 
28.2 
26.5 

19°32.2 
19°34.7 
19°21.0 

N 
N 
N 

091°59.1'W 
091°57.9'W 
091°51.8'W 

19 

September 

0800 
1500 
2000 

24.5 
23.8 
24.5 

27.5 
26.0 
27.0 

19°34.3 
19°44.8 
19°19.8 

N 
N 
N 

092°19.8'W 
092°30.2'W 
091°59.0'W 

20 

September 

0800 
1500 
2000 

26.0 
24.4 
24.0 

28.0 
27.6 
27.0 

19°30.6 
19°19.5 
19°17.5 

N 
N 
N 

091°50.1'W 
091°5o.8*W 
092°08.3'W 

21 

September 

0800 
1500 
2000 

25.5 
24.5 
24.0 

28.0 
28.0 
26.5 

19°19.1 
19°18.4 
19°15.1 

N 
N 
N 

092°13.0'W 
092°12.8'W 
093°11.0'W 

22 

September 

0800 
1500 
2000 

23.5 
23.3 
24.0 

27.0 
26.5 
26.0 

19°15.1 
19°14.2 
19°56.0 

N 
N 
N 

095°10.8'W 
094°56.2'W 
095°15.1'W 

23 

September 

0800 
1500 
2000 

22.5 
22.5 
23.5 

27.5 
26.9 
26.5 

22°00.1 
22°30.0 
22°22.6 

N 
N 

N 

096°40.6'W 
096°58.0'W 
097°31.7'W 

24 

September 

0800 
1500 
2000 

23.5 
22.0 
22.0 

26.0 
26.6 
26.0 

23°28.6 
24°09.1 
25°03.2 

N 
N 

N 

097°20.2'W 
096°32.1'W 
096°42.9'W 

25 

September 

0800 
1500 
2000 

20.0 
18.1 
20.5 

26.0 
25.4 
25.5 

25°58.7 
26°10.0 
26*10.1 

N 
N 
N 

096°48.6'W 
097°01.0'W 
096°20.0'W 

26 

September 

0800 
1500 
2000 

22.0 
20.2 
22.5 

27.0 
25.1 
25.0 

27°17.2 
27°41.7 
28°20.3 

N 
N 
N 

096°11.0*W 
095°48.5'W 
095°10.9'W 
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27°C,  with  maximum  daily  values  ranging  from  26.0°C  to  30.5°C.  Nighttime  (2000 
hours)  temperatures  were  not  much  lower,  with  a  maximum  difference  between 
night  and  day  dry-bulb  values  being  only  2°C. 

2.3  Water  Characteristics 

Water  column  characteristics  in  the  vicinity  of  the  well  and  plume  were 
variable  and  typical  of  subtropical  coastal  environments.  Surface  temperatures 
were  in  excess  of  28°C  and  the  water  column  was  isothermal  to  at  least  10  m  and 
often  to  as  deep  as  40  or  50  m.  Water  temperatures  below  25°C  were  not 
observed  above  50  m  in  the  vicinity  of  the  well. 

Surface  salinities  in  the  vicinity  of  the  well  and  plume  varied  from  about 
34.5°/oo  to  36.6°/oo  and  were  variable  over  that  range  throughout  the  water 
column.  In  general,  when  low  (<35.0°/oo)  salinities  were  observed  they 
occurred  at  the  surface.  Below  10  m  salinities  were  generally  in  excess  of 
35.5°/oo. 

Water  in  the  vicinity  of  the  well  and  plume  was  quite  turbid,  with  a 
greenish  color.  This  color  extended  from  the  shore  to  1  to  5  nm  seaward  of  the 
wellhead.  This  turbidity  apparently  was  a  general  coastal  feature  at  that  time 
and  the  interface  between  it  and  the  clear,  blue  waters  of  the  open  Bay  of 
Campeche  was  very  sharp.  A  paper  by  Nelsen  describing  the  suspended  matter 
within  the  water  column  is  included  in  this  volume. 

Dissolved  oxygen  concentrations  measured  by  Winkler  titrations  on  samples 
collected  from  throughout  the  water  column  varied  from  4.20  to  5.05  ml/1  in  the 
vicinity  of  the  well  and  plume,  indicating  that  the  water  was  fully  saturated 
with  oxygen. 

3.  LOCATION  OF  OIL 

The  extent  of  the  oiled  area  throughout  the  period  of  September  15-20  is 
generally  indicated  by  the  locations  of  stations  depicted  in  Figure  2.  In  that 
figure,  PI,  P2,  R2,  R3,  R4,  and  R9  are  all  control -type  stations  outside  of  the 
plume.  The  rest  of  the  stations  are  either  in  or  at  the  edge  of  the  plume 
proper.  Very  little  oil  was  noted  on  the  surface  west  of  the  wellhead,  and 
what  was  observed  in  that  direction  was  assumed  to  be  older  oil  moving  back 
past  the  well  due  to  changes  in  the  circulation  noted  above.  Throughout  this 
period,  the  ouput  plume  trended  northeast  from  the  wellhead  (045°  to  055°  true) 
and  extended  for  40  to  50  nm.  At  times,  the  plume  took  sharp  meanders,  which 
were  generally  to  the  south.  As  mentioned  above,  the  direction  of  oil  flow  on 
the  surface  seemed  independent  of  wind  speed  or  direction. 

On  September  21,  the  output  plume  swung  to  a  southeasterly  direction  over 
about  a  12-hour  period.  When  the  RESEARCHER  departed,  at  about  sunset  on  that 
date,  the  plume  output  was  flowing  at  about  135°  true. 


Virtually  no  oil  was  found  elsewhere  during  the  cruise,  with  the  exception 
of  some  surface  sheen  and  small  balls  of  chocolate-mousse-like  emulsion  (see 
below)  at  P17  off  Veracruz  and  some  small  "fingernail-sized"  flakes  of  mousse 
at  R30  off  Corpus  Christi. 

N 

4.  PHYSICAL  DESCRIPTION  OF  OIL 


The  physical  state  of  the  oil,  based  on  visual  observations  during  the 
cruise,  is  best  described  in  terms  of  zones  within  the  output  plume.  These 
zones  are  described  below.  Their  relative  size  and  position  appeared  to  be  a 
function  of  many  factors,  such  as  sunlight  intensity,  wind  stress,  and  flow 
rate.  Chemical  and  physical  characteristics  of  the  oil  types  mentioned  are 
discussed  in  more  detail  in  various  other  papers  included  in  this  volume. 

4.1  Zone  1 

This  zone  is  characterized  by  a  continuous  light-brown-colored  light  emul- 
sion of  water  and  oil  on  the  surface  (plate  1).  The  zone  existed  in  the  imme- 
diate vicinity  of  the  flames  and  extended  for  no  more  than  a  few  hundred  m  down 
the  plume. 

4.2  Zone  2 

This  zone  is  characterized  by  a  30%  to  50%  coverage  of  the  sea  surface  by 
a  light  brown  water  and  oil  emulsion  in  disoriented  streaks  (plate  2).  The 
zone  started  a  few  hundred  m  down-plume  from  the  burn  and  extended  out  to  a 
maximum  of  1  or  2  nm,  depending  on  wind  stress.  However,  at  times  it  was  vir- 
tual ly  absent. 

4.3  Zone  3 

This  zone  is  characterized  by  a  20%  to  50%  coverage  of  the  sea  surface  by 
light  brown  water  and  oil  emulsion  oriented  in  Langmuir  "streaks"  parallel  to 
the  wind  direction.  The  width  of  these  "streaks"  varied  from  a  few  cm  to  a 
few  m,  and  the  length  varied  from  one  to  tens  of  meters.  These  dimensions 
depended  on  wind  stress  (plate  3).  In  general,  these  Langmuir  "streaks"  were 
surrounded  by  a  light  to  heavy  sheen  of  oil.  This  zone  extended  from  as  close 
as  a  few  hundred  m  from  the  flames  to  several  nm  down  the  plume. 

4.4  Zone  4 

This  zone  is  characterized  by  a  darkening  of  the  light  brown  water  and  oil 
emulsion  until  the  streaks  were  black.  This  was  assumed  to  result  from  oxida- 
tion of  the  oil,  and  the  rate  seemed  to  be  dependent  on  sunlight  intensity. 
Commonly,  Langmuir  "streaks"  were  blackened  in  the  center  and  light  brown  at 
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the  edges  where  emul  si fi cation  may  have  been  occurring.  At  times,  these 
"streaks"  coalesced  into  long  lines  of  blackened  oil  that  extended  for  several 
kilometers.  In  the  brown  edges  of  these  lines  or  "streaks,"  small  balls  of 
choeolate-mousse-like  emulsion  (hereafter  called  mousse)  broke  off  (plates  4 
and  5).  (The  operational  "definition"  used  for  mousse  during  this  cruise  was 
surely  different  from  that  for  other  such  events,  e.g.,  the  AMOCO  CADIZ  spill. 
There  is  a  definite  need  for  a  clearer  definition  of  such  terms  in  order  to 
allow  adequate  comparison  of  data  from  future  events.  In  this  report,  mousse 
is  considered  to  be  an  oil  and  water  emulsion  of  a  very  thick  and  viscous  con- 
sistency that  forms  into  sticky  but  discrete  balls.  These  balls  readily 
coalesce  into  larger  balls  upon  contact  with  each  other.)  At  other  times,  the 
wind  rolled  portions  of  a  streak  up  onto  itself;  this  also  served  as  a  mecha- 
nism for  the  formation  of  mousse,  as  did  passage  of  a  boat  hull  or  seeding  by 
debris  such  as  sugar  cane  stalks.  Varying  concentrations  of  these  balls  often 
covered  the  sea  surface  and,  like  the  light  brown  emulsion,  lined  up  in  Lang- 
muir  lines  or  cells.  In  some  instances,  these  balls  reached  grapefruit  size 
and/or  coalesced  into  huge  "rafts"  of  mousse  up  to  50  or  60  m  in  diameter 
(plate  6).  In  one  instance,  one  of  these  "rafts"  was  sampled  and  found  to  be 
approximately  1  m  thick.  This  zone  began  from  5  to  15  nm  from  the  burn  and 
extended  out  to  about  20  nm.  The  extent  of  the  zone  and  rate  of  mousse  forma- 
tion apparently  were  dependent  on  sunlight  intensity  and  wind  stress.  A  light 
to  heavy  sheen  of  surface  oil  was  always  present  in  this  zone. 

4.5  Zone  5 

This  zone  is  characterized  by  an  extensive  light  to  heavy  sheen  of  oil 
that  covered  >50%  of  the  surface.  Usually  this  sheen  was  in  the  form  of  Lang- 
muir  lines  (plates  7  and  8).  This  zone  overlapped  zones  2,  3,  and  4  and 
extended  out  to  the  farthest  extremity  of  the  plume. 

It  is  important  to  remember  that: 

(1)  The  description  of  the  zones  is  based  on  a  combination  of  detailed 
observations  from  RESEARCHER,  PIERCE,  and  small  boats  coupled  with  observations 
from  eleven  helicopter  flights  in  the  vicinity  of  the  oil  plume  from  September 
15  to  21,  1979. 

(2)  These  descriptions  are  operative  only  for  the  period  of  this  cruise. 

(3)  There  were  no  distinct  boundaries  between  these  various  zones,  and 
they  tended  to  interweave  at  the  transitions,  more  so  on  some  days  than  on 
others. 
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Plate  1.  Zone  1 


Plate  2.  Zone  2 


Plate  3.  Zone  3. 
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Plate  4.  Zone  4 


\ 


Plate  5.  Zone  4. 


Plate  6.  Zone  4 
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Plate  7.  Zone  5. 


Plate  8.  Zone  5 
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5.   SAMPLING  STRATEGY 


The  initial  sampling  strategy  for  the  cruise  was  developed  in  August  and 
called  for  the  following  sequence: 

(1)  Sampling  of  fresh  oil  and  "mousse"  in  its  early  stages  of  formation 
would  be  done  near  the  well  site.  This  would  be  accompanied  by  air,  water,  and 
slick  sampling  near  the  well  site. 

(2)  The  two  ships  would  proceed  along  the  western  Gulf  of  Mexico  about 
100  to  150  nm  offshore,  sampling  mousse  of  progressively  older  age  as  the  coast 
of  Texas  was  approached.  Water  and  surface  sheen  in  contact  with  this  older 
mousse  would  also  have  been  sampled. 

The  sampling  strategy  had  to  be  extensively  modified  once  it  was  clear 
that  the  circulation  of  the  Gulf  had  changed  by  the  time  the  ship  arrived. 
This  was  apparent  after  the  first  helicopter  flight  to  the  well  site  area  as 
the  RESEARCHER  and  PIERCE  approached.  As  a  result,  it  was  decided  to  focus 
more  of  the  cruise  effort  at  the  well  site  area,  sampling  intensively  at  the 
edges  of  the  plume  and  in  the  plume  itself.  One  goal  of  this  strategy  was  to 
provide  some  broad  coverage  of  sampling  stations  for  general  investigation  of 
processes  active  in  controlling  the  fate  of  the  discharge  oil  and  gas  near  the 
well  site,  and  progressively  farther  away  in  the  area  of  the  visually  recogniz- 
able slick.  This  included  air  sampling  for  C5  and  higher-molecular-weight  com- 
pounds; surface  slick  sampling  for  heavier-molecular-weight  compounds;  water 
sampling  for  gases,  volatile  compounds  in  the  range  of  C7  to  C17  hydrocarbons, 
and  higher-molecular-weight  particulate  and  dissolved  compounds;  surface  sedi- 
ment sampling;  and  a  few  sediment  trap  samples.  The  water  column  was  sampled 
in  most  of  the  same  locations  for  microbiological  studies.  Plankton  tows  were 
obtained  under  the  slick  from  the  PIERCE,  and  neuston  tows  were  obtained  from 
the  RESEARCHER.  A  listing  of  the  sample  type  collected  and  the  number  of  each 
is  given  in  Appendix  I.  Appendix  II  is  an  explanation  of  the  sample  code 
designation  used  during  the  cruise. 

Two  different  acoustic  arrays  were  operated  on  the  PIERCE  to  guide  the 
sampling  under  the  slick.  These  are  described  in  other  papers  in  this  volume. 

A  second  goal  was  the  intensive  sampling  of  mousse  in  an  attempt  to  gain 
further  insight  into  the  relationship  between  physical  form,  chemical  composi- 
tion, and  microbial  processes.  It  was  hypothesized  that  the  chemical  analyses 
and  microbial  studies  would  provide  clues  as  to  how  the  mousse  formed,  what  its 
fate  would  be,  and  the  extent  to  which  toxic  compounds  were  incorporated  in  the 
mousse  or  produced  during  mousse  formation.  This  was,  and  is,  an  important 
area  of  investigation  because  "rafts"  of  mousse  were  transported  across  the 
Gulf  of  Mexico  to  distances  of  over  500  nm  to  the  coast  of  Mexico  near  Tampico 
and  on  up  to  the  U.S.  coast  near  Brownsville  and  Port  Aransas,  Texas. 
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A  third  goal  was  the  sampling  of  surface  sediments  on  two  transects  in  the 
area  off  the  coast  near  the  U.S.  Department  of  Interior,  Bureau  of  Land  Manage- 
ment Outer  Continental  Shelf  Environmental  Studies.  There  had  been  earlier 
reports  of  slicks  and  mousse  in  the  waters  in  this  general  area.  If  this  had 
resulted  in  extensive  contamination  of  surface  sediments,  analyses  of  these 
sediment  samples  could  provide  definitive  data.  If  the  analyses  showed  no 
detectable  IXTOC-I  oil,  then  these  samples  would  provide  a  set  of  clean  sedi- 
ment analyses  for  the  area  in  case  of  further  incursions  of  IXTOC-I  oil. 

Most  of  the  types  of  sampling  gear  used  on  the  cruise  are  described  in  the 
papers  that  follow  or  are  referenced  therein.  For  further  details,  the  reader 
should  contact  the  NOAA  Office  of  Marine  Pollution  Assessment. 

After  the  cruise,  time  and  funds  placed  constraints  on  the  number  of  sam- 
ples that  could  be  analyzed  as  of  the  date  of  this  symposium.  Two  analytical 
strategy  meetings  after  the  cruise  provided  guidance  to  all  involved  as  to  pri- 
orities of  analyses  and  specific  sample  sets  and  types  to  be  analyzed  in  the 
laboratory.  The  general  approach  was  again  to  focus  on  (1)  the  samples  close 
to  the  well  site  and  near  the  slick,  to  gain  information  about  the  immediate 
fate  of  the  oil  over  days  to  weeks;  (2)  samples  of  mousse  collected  throughout 
the  cruise. 

The  papers  that  follow  present  the  data  and  initial  interpretations  from 
these  analyses.  We  emphasize  here,  as  in  the  Foreword,  that  these  papers  are 
actually  reports  from  the  principal  investigators  of  this  research  effort  to 
each  other,  with  some  clarification  added,  to  aid  our  colleagues  conducting  oil 
pollution  research  in  understanding  the  data  as  presented.  The  overall  inter- 
pretation and  individual  data  set  interpretations  for  the  general  scientific 
community  and  the  public  will  follow  within  a  year.  Our  intent  here  is  to  make 
available  as  much  information  and  data  as  possible  so  that  those  having  to 
respond  to  simil'ar  events  and  undertake  similar  cruises  will  have  access  to 
this  information  from  the  start. 
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During  the  1970's,  marine  scientists  studied  about  six  oil  spills  rather 
intensely.  These  include  the  Santa  Barbara  blowout  off  California,  the 
grounding  of  the  METULA  in  the  Magellan  Straits,  the  groundings  of  the  FLORIDA 
in  Buzzards  Bay,  Massachusetts,  the  TSESIS  in  the  Stockholm  channel,  the  AMOCO 
CADIZ  off  Brest,  France,  and  the  breakup  of  the  ARGO  MERCHANT  on  Nantucket 
Shoals.  Most  of  those  spills  occurred  in  high  latitudes  in  turbulent  seas  and 
usually  required  a  hurried  response  from  the  scientific  community  before  the 
oil  dispersed  or  was  removed  by  clean-up  operations.  Before  1979  there  were 
almost  no  studies  of  oil  behavior  in  tropical  seas. 

Nevertheless,  much  information  on  rates  of  evaporation  and  weathering  was 
acquired.  However,  since  most  spills  in  the  past  have  involved  oiled  beaches 
and  marshes,  the  greatest  effort  in  those  cases  was  usually  directed  at  the 
intertidal  zone.  Such  studies  have  been  conducted  for  over  ten  years  now  on 
Bermuda  and  in  the  Great  Sippewisset  Marsh  on  Buzzards  Bay.  Usually  sampling 
efforts  at  sea  were  prematurely  curtailed  due  to  weather  and  time 
constraints.  One  case  in  point  was  the  ARGO  MERCHANT,  which  broke  up  off  New 
England  in  rough  seas  during  the  Christmas  holidays.  Thus,  before  IXTOC,  yery 
little  was  known  about  the  distribution  of  oil  in  the  water  column  beneath 
surface  slicks  or  floating  tar. 

During  the  study  of  the  AMOCO  CADIZ  spill  on  the  French  coast,  the  cakes 
of  brown,  oil-seawater  emulsions  were  aptly  described  as  chocolate  mousse.  It 
was  not  possible  at  that  time  to  study  how,  when,  or  why  mousse  formation 
occurred.  Yet,  within  several  hours  after  a  spill  into  the  sea,  mousse  is  the 
predominant  physical  form  of  the  oil.  Several  papers  in  this  symposium  will 
address  these  phenomena  directly. 

Prior  to  the  IXTOC  studies,  it  was  generally  thought  that  oil  in  seawater 
stimulated  the  growth  of  just  the  oil-consuming  bacteria.  Results  of  a  study 
which  was  designed  to  test  that  hypothesis  will  be  presented  at  this 
symposium. 

The  best  summary  of  knowledge  of  the  fate  of  oil  in  the  marine 
environment  before  IXTOC  is  given  by  the  updated  reports  and  studies,  No.  6  of 
the  Working  Group  of  GESAMP  (Group  of  Experts  for  Scientific  Advice  on  Marine 
Pollution),  1980,  sponsored  by  the  United  Nations  Environmental  Program. 
Following  is  an  abstract  of  that  report  (UNESCO,  Paris,  1980): 

A  variety  of  simultaneous  physico-chemical  processes 
govern  the  distribution  and  fate  of  the  oil  immediately 
following  a  spillage. 

Spreading  on  the  surface  is  the  initial  dominating 
process.  Evaporation  of  short-chained  volatile  compounds 
proceeds  rapidly  and  this  is  highly  temperature  dependent. 
For  example,  at  20°C,  compounds  with  up  to  12  carbon  atoms 
largely  evaporate  within  a  few  hours.  Partial  loss  by 
evaporation  occurs  within  a  few  days  for  compounds  with  up 
to  22  carbon  atoms. 

The  formation  of  water-in-oil  emulsions  begins 
immediately   after   discharge   of   oil   into   the  marine 
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environment.  The  rate  of  emulsion  formation  depends  upon 
turbulence.  Oil-in-water  emulsions  are  formed  more  slowly, 
being  of  importance  in  the  period  days  to  weeks  following 
the  introduction  of  oil  into  the  marine  environment.  The 
dissolution  of  oil  components  in  water  progresses 
continuously,  but  being  dependent  on  the  surface  area  of  the 
oil  it  is  most  pronounced  when  a  dispersion  of  oil-in-water 
is  formed.  Evaporation  of  lighter  fractions  and 
incorporation  of  denser  suspended  solids  will  eventually 
cause  most  oil  residues  to  sink.  This  process  is  usually 
significant  for  crude  oils  within  weeks  of  the  discharge. 

Photolysis,  photochemical  and  other  oxidative  processes 
are  at  their  greatest  relative  importance  during  the  first 
weeks  after  the  incident. 

Over  90  species  of  micro-organisms  including  open 
ocean,  coastal  and  estuarine  bacteria,  fungi  and  yeasts, 
capable  of  degrading  petroleum  by  biological  oxidation,  have 
been  identified.  Their  action  does  not  become  important 
until  a  week  or  so  after  an  oil  discharge.  All  kinds  of 
oils  are  susceptible  to  microbiological  degradation. 
Assuming  the  presence  of  appropriate  micro  organisms  and 
recognizing  the  other  physical  and  chemical  factors 
involved,  the  most  important  factor  which  influences  the 
biodegradabi 1 ity  of  hydrocarbons  seems  to  be  the  molecular 
configuration.  Alkanes  are  attacked  by  more  microbial 
species  more  rapidly  than  either  aromatic  or  naphthenic 
compounds. 

Tar  balls,  because  of  varying  size  and  density,  are 
distributed  throughout  the  water  column  -  from  the  surface 
to  the  sea  bed  but  may  concentrate  at  a  thermocline.  Some 
are  formed  soon  after  oil  is  discharged  from  tanker 
washings,  others  from  crude  oil  and  heavy  oil  products  over 
a  longer  period  of  time  in  the  marine  environment. 

Bioconcentration  has  been  demonstrated,  but  while 
possible  under  certain  conditions,  there  is  little 
convincing  evidence  of  accumulation  or  biomagnif ication  of 
oil.  In  general,  higher  trophic  organisms  show  lower 
concentrations  of  hydrocarbons. 

The  only  disappointment  related  to  the  RESEARCHER  cruise  in  the  western 
Gulf  of  Mexico  was  not  finding  a  continuous  sheet  of  oil  laid  out  in  a  0-4 
month-old  path  from  the  well  head  to  the  south  Texas  islands.  This  was  the 
setting  in  August  1979  and  would  have  allowed  detailed  studies  of  rates  of 
weathering  of  pelagic  oil.  The  reasons  that  this  important  objective  was  made 
impossible  in  September  1979  is  the  subject  of  another  paper  in  this 
symposium. 
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1.   BACKGROUND 


Mexico  has  emerged  on  the  international  stage  as  a  major  factor  in  the 
world's  petroleum  situation.  The  country  is  currently  developing  four  geogra- 
phic areas  for  production,  and  the  hydrocarbon  deposits  in  these  areas  indicate 
a  large  quantity  of  proven  and  probable  reserves. 

One  of  these  areas,  the  Bay  of  Campeche,  having  8000  square  km  of  area,  is 
particularly  promising  (see  Figure  1).  Geophysical  studies  in  conjunction  with 
drilling  to  date  have  shown  that  huge  deposits  exist  here  with  an  oil -impregna- 
ted rock  mass  of  over  one  thousand  m  in  depth  in  some  places.  At  the  present 
time,  there  is  much  offshore  drilling  activity  in  the  area,  with  plans  in  1979 
to  complete  the  installation  of  10  stationary  drilling  platforms,  six  produc- 
tion platforms,  and  one  connecting  platform. 

All  of  this  activity  in  Mexico  is  controlled  by  the  national  oil  company, 
Petroleos  Mexicanos  (PEMEX),  which  is  one  of  the  most  integrated  oil  companies 
in  the  world,  taking  part  in  all  petroleum  activities  ranging  from  exploration 
to  distribution  of  products.  The  company,  with  an  annual  budget  of  $11  bil- 
lion, is  Mexico's  largest  enterprise  and  largest  employer. 

2.   BLOWOUT  IN  CAMPECHE  BAY 


On  3  June  1979,  at  0330  hours,  the  exploratory  (field  outpost)  well 
IXTOC-I,  located  approximately  80  km  NNW  of  Ciudad  del  Carmen  (19°24'29.418"N; 
92°19'36.690"W)  in  the  Bay  of  Campeche,  was  the  site  of  an  uncontrolled  oil 
blowout  (see  Figure  1).  The  SEDCO  135  semisubmersible  platform,  with  BOP  stack 
situated  on  the  seafloor,  was  drilling  in  51.5  m  of  water.  This  was  the  first 
well  drilled  in  that  particular  geological  structure.  Perforaciones  Marinas 
del  Golfo  S.  A.  of  Mexico  City  had  contracted  the  platform  from  SEDCO,  Inc.  of 
Dallas,  Texas,  and  then  leased  it  to  PEMEX.  The  well  had  been  drilled  to  the 
top  of  the  known  productive  interval  at  approximately  3500  m.  Production 
casing  had  been  run  and  cemented  at  that  depth  and  the  well  had  been  deepened 
another  30  m  when  the  mud  "circulation"  was  totally  lost.  The  operator  spent 
approximately  48  hours  attempting  to  regain  circulation,  determining  fluid 
levels  in  the  annul  us  and  watching  for  indications  of  flow  from  the  productive 
zone.  A  decision  was  made  then  to  pull  the  pipe  out  of  the  well  to  remove  the 
drilling  bit.  The  drill  pipe  was  pulled  out  of  the  hole  without  incident  and 
apparently  without  any  sign  of  the  well's  flowing  until  the  drill  collars 
reached  the  rig  floor.  At  this  point,  the  4-3/4"  drill  collars  extended 
through  the  blowout  preventers.  The  well  then  started  to  kick  and  the  driller 
shut  the  annular  preventer  which  closed  off  the  annul  us.  However,  the  gas  and 
oil  started  flowing  up  through  the  drill  collars  onto  the  derrick.  At  this 
point,  the  annular  preventer  failed  and  the  drill  collars  began  rising  from  the 
hole. 

When  this  happened,  all  of  the  crew  but  two  individuals  abandoned  the  dril- 
ling unit.  Before  leaving,  they  attempted  to  shear  the  drill  collars  with  the 
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Figure  1.     The   site  of  the   IXTOC-I    blowout 
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Campeche 


shear  rams;  however,  they  were  unable  to  do  so.  (The  shear  rams' are  designed 
to  cut  only  thin-walled  drill  pipe  and  casing.  The  other  rams  in  the  BOP's 
were  sized  to  fit  the  drill  pipe--3-l/2"--and  therefore  could  not  seal  off 
against  the  drill  collars.)  They  then  attempted  to  cut  the  anchor  lines  so 
that  the  unit  would  or  could  be  moved  away  from  the  site.  They  had  cut  about 
half  of  the  lines  (4  of  9)  when  they  were  forced  to  leave  the  unit  by  the  heat 
and  fire  from  the  oil  and  gas  which  had  by  this  time  ignited.  After  about  15 
hours,  the  substructure  that  supports  the  hoisting  equipment  and  derrick  col- 
lapsed as  a  result  of  the  fire,  and  derrick,  riser,  hoisting  equipment,  etc., 
fell  into  the  water.  (Subsequent  inspection  by  divers  showed  that  this  equip- 
ment did  not  land  on  the  BOP's  and  that  the  BOP's  did  not  seem  to  be  damaged.) 
The  rest  of  the  drilling  unit  remained  floating  and  was  pulled  away  from  the 
site  the  next  day  (4  June  1979).  The  burned-out  hulk  is  considered  a  write-off 
at  an  estimated  loss  of  $22  million. 


3.      OIL   PLUME  AND   SLICK   CHARACTERISTICS 


Gas  and  oil  were  being  discharged  at  the  top  of  the  undamaged  BOP  stack, 
about  12  m  above  the  seafloor,  in  pulses  of  about  80  per  minute,  as  viewed  by 
remote-controlled  videotape  cameras.  The  oil  is  believed  to  be  light  with  a 
low  sulphur  content  (33°  API,  1.5%  sulphur).  Estimates  of  the  amount  of  oil 
have  varied.  Originally  PEMEX  indicated  the  flow  was  30,000  barrels  of  oil  per 
day,  but  later  appraisals  put  the  flow  at  5,000  to  10,000  barrels  per  day. 
Calculations  based  on  inexact  measurement  of  the  oil  slick  flowing  on  the  water 
surface  place  the  flow  rate  in  the  20,000-  to  30,000-barrel-per-day   range. 

A  large  fire,  about  50  m  in  diameter  and  7  m  in  height,  was  burning  on  the 
water's  surface  directly  above  the  stack.  The  fire  was  essentially  yellowish- 
orange  and  generally  smoke-free,  with  occasional  discharges  of  grey-black 
smoke.  There  was  continuous  upwelling  of  water  within  this  fire  diameter. 
Around  the  main  fire  and  within  20  m  of  it  are  much  smaller  random  surface 
fires  which  appeared  and  disappeared  periodically.  These  were  easily  extin- 
guished by  the  surrounding  turbulent  surface  waters.  Ringing  the  fire  and 
extending  out  about  150  m  on  each  side  of  the  flame,  a  tan-  to  rust-colored  oil 
slick  could  be  seen  on  the  surface  of  the  water.  This  oil  was  being  swept  in 
the  direction  of  the  wind  and  current  and  expanded  from  the  400  m  width  at  the 
fire  to  about  1   km  approximately  2  km  downstream  (see  Figure  2). 

The  oil  was  heavily  emulsified  with  water.  It  was  thought  that  the  oil 
from  the  blowout,  in  close  association  with  the  emerging  gas,  was  quickly  ris- 
ing to  the  churning  boil  water  of  the  plume  and  was  mixing  and  frothing  with 
seawater;  this  resulted  in  a  fine  emulsion  of  water  droplets  in  the  oil.  At 
the  same  time  the  heat  from  the  gas  fire  was  evaporating  and  burning  the  light 
fractions  of  the  oil.  The  heavily  mixed  water- in-oil  emulsion  in  the  boil  area 
eventually  was  swept  out  of  the  turbulent  plume  area  and  rose  to  the  surface  of 
the  calmer  waters  surrounding  the  fire.  Based  on  preliminary  chemical  analy- 
ses, the  emulsion  on  the  water  surface  was  found  to  contain  about  70%  water  and 
30%  oil  and  to  be  viscous  (350cp)  and  heavy  (SG  =  0.99).  It  is  a  very  stable 
water-in-oil    emulsion    containing    fine    droplets    of    water    coated    with    a    thin 
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Schematic   diagram  of   IXTOC-I    blowout   site 
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viscous  layer  of  oil.  Analysis  of  the  oil  indicates  that  almost  all  of  the 
light  fractions  of  the  oil  (lighter  than  C^q)  are  missing,  having  burned  or 
evaporated  in  the  fire  or  heat  zone  (Figure  3).  It  is  thus  estimated  that 
about  30%  of  the  discharging  oil  was  being  consumed  in  the  fire.  The  emulsion 
slick  surrounding  the  fire  and  being  swept  downstream  appeared  to  be  approxi- 
mately 1  to  3  mm  thick.  In  addition,  close  to  the  blowout  plume  there  appar- 
ently was  a  cloudy  suspension  of  very  fine  emulsion  particles  within  the  upper 
few  m  of  the  water  column. 

Surface  currents  in  the  area  ranged  from  approximately  0.5  to  1.0  knots, 
depending  on  the  direction  and  force  of  the  winds  and  tidal  currents.  The 
water  temperature  was  25  to  27°C  and  the  air  temperature  varied  from  about  30 
to  40°C  during  the  day.  Sea-state  condition  generally  was  in  the  Beaufort  1-2 
range. 

4.   WELL  CONTROL   . 


PEMEX  gave  well  control  top  priority  for  the  use  of  the  manpower  and  equip- 
ment assigned  to  the  IXTOC-I  blowout.  The  options  available  for  control  were 
either  to  plug  or  cap  the  well  or  to  drill  an  adjacent  relief  well  to  intersect 
the  existing  one.  Although  plans  included  drilling  two  relief  wells,  as  of  23 
June  (day  20)  only  one  jack-up  platform,  Azteca,  was  in  place  about  1  km  NE  of 
the  blowout.  It  had  penetrated  approximately  500  m  below  the  seafloor  by  17 
June,  but  was  expected  to  take  3  months  to  complete  its  task.  The  second  dril- 
ling rig  will  move  to  its  drilling  site  shortly. 

The  fire  at  the  blowout  could  be  extinguished  at  any  time,  but  it  was  felt 
that  the  explosion  hazard  that  would  be  associated  with  the  unburned  gas  would 
far  outweigh  any  problems  caused  by  the  existing  flames. 

Since  videotapes  and  diver  observations  of  the  BOP  stack  suggested  that  it 
may  not  have  been  seriously  damaged  by  the  debris  collapsing  around  it  from  the 
burning  drilling  platform,  it  was  hoped  that  the  oil  flow  could  be  terminated 
quickly  with  the  remaining  valves.  The  plan  was  to  leave  the  debris  in  place 
for  fear  that  in  the  process  of  removing  it  the  stack  might  be  destroyed. 
Instead,  divers  would  work  around  these  obstacles  and  attach  a  series  of 
hydraulic  hoses  to  the  controls  for  various  valves  so  that  the  valves  could  be 
operated  from  a  surface  barge.  The  intent-ion  was  first  to  open  the  rams  so 
that  any  debris  stuck  in  the  BOP  would  either  fall  into  the  well  or  blow  out, 
then  to  close  the  valves  and  cut  the  oil  flow. 

Unfortunately,  attempts  at  attaching  the  hoses  to  the  stack  were  handi- 
capped by  a  number  of  circumstances.  While  diving  conditions  around  the  stack 
had  been  acceptable  during  the  first  few  days  of  operation,  as  the  slick  moved 
to  an  easterly  bearing,  underwater  visibility  was  reduced  to  about  0.3  m,  and  a 
surface  current  of  3.5  knots  was  recorded  near  the  boil  of  the  spewing  oil. 
These  factors  made  diving  extremely  difficult. 
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By  22  June,  three  of  the  eight  required  hydraulic  lines  had  been  success- 
fully attached  to  the  BOP  and  by  26  June  (day  23),  attempts  were  made  to 
activate  the  valves.  Unfortunately,  the  BOP  failed  to  respond  satisfactorily. 
Another  attempt  was  made  several  days  later,  but  this  too  failed. 


5.   OIL  SLICK  MOVEMENT  AND  DISTRIBUTION 


The  oil  originating  directly  from  the  blowout  had  tended  to  become  heavily 
mixed  with  water  and  reduced  of  its  lighter  fractions,  ultimately  appearing  on 
the  surface  as  an  emulsion  1  to  3  mm  in  thickness.  There  its  movement  was  sub- 
ject to  the  action  of  the  prevailing  winds  and  currents  with  little  thinning  of 
the  350  cp  emulsion  occurring. 

For  the  first  nine  days  of  the  blowout,  the  oil  slick  moved  at  about  0.5 
knot  to  the  west  in  the  general  direction  of  the  Gulf  Stream.  By  8  June 
(day  5),  the  slick  extended  70  km  from  the  blowout  site  and  was  50  km  wide. 
However,  on  12  June,  the  prevailing  offshore  winds  started  moving  the  oil  in  a 
direction  clockwise  from  its  original  location  until  it  settled  on  an  easterly 
bearing  at  about  0.7  knot.  As  a  result,  by  15  June  (day  12)  large  patches  of 
oil  with  various  estimated  thicknesses  were  distributed  around  the  IXT0C  site 
(Figure  4).  Fortunately,  the  offshore  winds  continued  to  keep  the  oil  away 
from  the  coast.  The  nearest  confirmed  oil  observation  occurred  approximately 
16  km  from  land  on  16  June.  Other  observers  estimated  oil  to  be  closer  to 
shore  on  15-21  June,  but  in  most  cases  these  sightings  turned  out  to  be  only 
very  small  areas  of  sheen. 

On  17  June,  the  slick  again  shifted  but  turned  counterclockwise  to  a  NE 
bearing  and  to  NNE  by  the  following  day.  Finally,  on  21  June  (day  18)  the 
direction  of  the  oil  slick  suddenly  changed  120°  counterclockwise  to  a  westerly 
direction,  approaching  a  bearing  typical  of  the  first  days  of  the  blowout. 

On  22  June,  several  American  scientists  arrived  on-site  to  study  the  char- 
acteristics of  the  slick  and  to  collect  wind  and  current  input  data  for  spill 
trajectory  models.  According  to  a  USCG  spill  prediction  model,  the  oil  will 
likely  impact  the  Tamaulipas,  Mexico,  coast  between  Tampico  and  Lower  Laguna 
Madre  in  August  1979. 

6.   OIL  SPILL  COUNTERMEASURES 


The  countermeasures  operation  to  deal  with  the  oil  slick  had  two  compo- 
nents: physical  recovery  of  the  oil  by  skimmers  in  the  immediate  vicinity  of 
the  IXT0C  site,  and  dispersing  of  the  patches  of  oil  threatening  shorelines. 

Although  the  amount  of  oil-skimming  equipment  at  the  site  was  impressive, 
only  a  very  small  fraction  of  the  oil  being  discharged  from  the  blowout  had 
been  picked  up  by  equipment.  (By  20  June,  it  was  estimated  that  less  than 
20,000  barrels  of  oil  emulsion  (70%  water)  had  been  recovered  since  the  start 
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of  the  skimming  operations.)  There  are  two  major  reasons  for  this.  First,  at 
times  the  ideal  configuration  and  operation  of  the  control  and  cleanup  equip- 
ment had  not  been  permitted  because  of  potential  interference  with  the  blowout 
control  efforts  at  the  site,  which,  of  course,  took  precedence;  second, 
although  support  or  ancillary  equipment  was  available  (there  are  23  large  tugs 
and  ships  at  the  site),  allocation  problems  and  unsuitable  deployment  equipment 
had  hampered  the  implementation  of  an  effective  cleanup  program.  Most  of  these 
problems,  which  are  due  to  a  lack  of  experience  and  are  common  to  many  large 
spill  control  operations,  will  undoubtedly  be  corrected  as  the  cleanup  team 
gains  daily  invaluable  experience. 

A  Norwegian  team  of  approximately  15  technical  persons  from  the  government, 
STATOIL,  and  equipment  manufacturing  companies  arrived  in  Mexico  with  two  FRAMO 
skimmers  and  three  TK-series  high-capacity  pumps.  Each  of  these  skimming  sys- 
tems has  the  potential  for  collecting  thousands  of  barrels  of  oil  per  day. 
PEMEX  provided  an  unpowered  flat  barge  (a  platform  with  no  tankage)  on  which 
the  skimmers  were  welded.  A  second  barge  was  tied  alongside  the  first  to  serve 
as  a  receptacle  for  the  collected  oil.  The  intention  was  to  use  several  hun- 
dreds of  meters  of  Norwegian  oil  boom  (NOFI)  to  deflect  and  concentrate  the 
oil,  using  a  V-shaped  configuration,  into  the  apex  of  the  V,  where  the  skimmers 
were  located  on  the  barge.  Unfortunately,  the  boom  was  severed  on  several 
occasions  by  the  tug  traffic  in  the  area.  Without  booms,  it  was  decided  to 
anchor  the  150  m  barge  broadside  to  the  flowing  slick  about  500-1000  m  down- 
stream from  the  blowout.  The  barge  acted  as  a  barrier  to  the  flowing  oil  and 
tended  to  concentrate  the  1  to  3  m  oil  slick  to  several  centimeters  along  the 
length  of  the  barge.  Unfortunately,  the  FRAMO  skimmers  could  remove  oil  only 
from  a  few  meters  alongside  the  barge  on  each  side  of  the  units.  Also,  it  was 
found  on  many  occasions  that  by  the  time  all  anchors  to  the  barge  were  in 
place,  the  slick  would  move  in  a  new  direction  because  of  changing  currents, 
leaving  the  skimmers  in  relatively  oil -free  water.  As  of  20  June  (day  17),  it 
was  estimated  that  the  Norwegian  units  had  collected  only  a  few  thousand 
barrels  of  oil  emulsion  since  the  operation  began. 

A  more  productive  operation  involved  the  application  of  oleophilic  rope 
devices  manufactured  by  Oil  Mop,  Inc.  These  machines  essentially  are  comprised 
of  a  continuous  loop  of  polypropylene  strands  that  are  woven  together,  travel 
over  the  surface  of  the  oil  slick,  and  are  wrung  out  in  a  roller  apparatus.  By 
22  June,  four  9"  diameter  rope  Oil  Mop  machines  and  a  16"  rope  machine,  all 
mounted  on  a  100,000-barrel  barge  and  in  a  configuration  similar  to  that 
described  for  the  Norwegian  system,  collected  perhaps  15,000  barrels  of  oil 
emulsion.  (The  16"  device  can  collect  100  barrels/hour  of  emulsion,  which  is 
70%  water;  the  9"  units  can  remove  30  barrels/hour  of  emulsion.)  Unlike  the 
FRAMO  units,  the  oil  that  is  concentrated  alongside  the  barge  can  be  collected 
by  the  oleophilic  ropes  that  are  run  along  the  water  surface  next  to  the  barge. 
PEMEX  planned  to  operate  the  Oil  Mop  machines  14  hours  a  day;  it  was  reported 
that  10  additional  Oil  Mop  units  would  be  sent  to  the  site,  including  Oil  Mop, 
Inc.'s  ZRV  dynamic  skimmers.  It  was  reported  in  the  Oil  Spill  Intelligence 
Report  that  as  of  9  July,  the  Mop  machines  located  on  barges  150  meters  from 
the  well  site  had  recovered  50,000  barrels  of  emulsion. 
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Shell  Oil  of  Houston  offered  PEMEX  the  use  of  its  experimental  "Sock"  skim- 
mer. Unfortunately,  due  to  its  experimental  nature,  the  "Sock"  had  not  been 
debugged,  and  it  proved  to  be  structurally  underdesigned.  As  a  result,  it 
picked  up  very  little  oil  and  had  to  be  permanently  retired  on  20  June.  Test 
runs  indicated  that  the  "Sock"  may  be  capable  of  picking  up  about  150  bbl/hour 
of  oil /water  emulsion. 

As  of  9  July,  more  equipment  had  been  delivered  to  Ciudad  del  Carmen  for 
use  on  the  slick.  Two  complete  BP  Vikoma  systems,  including  Seapack  and  Sea- 
skimmer,  were  in  Carmen  as  well  as  a  Cyclonet  150  open  ocean  skimmer  from  the 
Southern  California  Petroleum  Contingency  Organization. 

The  other  major  countermeasure  effort  involved  the  use  of  chemical  disper- 
sants  applied  aerially.  Conair  Aviation  Ltd.  of  Abbottsford,  B.C.,  was  con- 
tracted by  PEMEX  to  apply  the  oil  spill  dispersant  COREXIT,  a  product  of  EXXON 
Chemical,  to  portions  of  the  slick  threatening  shorelines.  Since  9  July, 
Conair  had  sprayed  more  than  170,000  gallons  of  COREXIT  9517,  COREXIT  9527,  and 
COREXIT  7664  during  one-to-four  hour  spraying  missions  per  day.  Conair  had 
applied  3500  gallons  of  dispersant  per  flight,  over  an  area  of  500  to  600  hec- 
tares. A  Conair  DC6B,  fitted  with  about  34  m  of  spray  boom,  had  been  flying 
15  m  above  the  water  at  a  speed  of  150  knots  and  applying  the  dispersant  at  a 
rate  of  350  gallons  per  minute. 

The  swath  width  had  ranged  from  80  m  to  200  m,  depending  on  the  wind  speed, 
direction,  and  other  environmental  factors.  The  plane  had  been  spraying  from 
1.8  to  3.0  qallons  of  dispersant  per  acre  (1  acre  =  0.405  hectare).  EXXON  had 
been  manufacturing  400  drums  of  dispersant  per  day  in  Houston,  Texas;  about 
two-thirds  of  the  dispersant  used  had  been  COREXIT  9517.  The  market  price  for 
the  EXXON  dispersants  is  about  $8  per  gallon.  Under  contract  to  PEMEX, 
Southern  Air  of  Houston  and  Pacific  Western  of  Vancouver,  B.C.,  had  been  flying 
a  total  of  three  flights  per  day  to  transport  the  dispersant  to  Ciudad  del 
Carmen,  Mexico,  from  Houston  to  a  cost  of  $16,000  per  flight. 

PEMEX  had  been  dispatching  regular  observation  flights  over  the  spill  site 
to  monitor  the  spill  movement  and  to  determine  the  targets  for  dispersant 
spraying. 

As  of  the  end  of  June,  no  "ground-truthing"  mission  had  been  mounted  to 
take  and  analyze  samples  of  water  in  order  to  determine  the  effectiveness  of 
the  dispersing  operation.  There  may  be  a  possibility  that  the  chemicals  are 
indeed  "herding"  the  oil  and  not  dispersing  it  into  the  water  column.  This 
"herding"  action  would  give  the  appearance  of  "dispersing"  as  seen  from  a  sur- 
veillance aircraft. 


7.   ENVIRONMENTAL  CONCERNS 


The  normally  clear  turquoise  water  of  the  Bay  of  Campeche  is  nutrient-rich 
due  to  the  ihpwelling  at  the  nearby  edge  of  the  continental  shelf.  The  area 
supports  a  wide  variety  of  fish  species,  oysters,  shrimp,  and  porpoises. 
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Although  many  types  of  marine  animals  are  fished  commercially,  the  shrimp  fish- 
ery is  of  greatest  importance.  Ciudad  del  Carmen  (pop.  77,000),  the  largest 
shrimp  port  in  the  world,  takes  in  an  annual  catch  valued  at  about  $110  mil- 
lion. 

In  spite  of  the  commercial  importance  of  the  Gulf  fishery,  many  areas  have 
not  been  well  documented  as  regards  their  biological  resources.  Figure  5  out- 
lines some  of  the  areas  known  to  contain  important  habitats.  The  lagoon  area 
south  of  Carmen  is  believed  to  be  one  of  the  most  biologically  productive  areas 
in  the  world.  At  this  time  of  the  year,  thousands  of  juvenile  shrimp  are 
migrating  to  sea  in  a  westerly  direction  along  the  coast  from  nursery  areas  in 
the  lagoon.  Although  oil  covered  areas  where  commercial  fishing  boats  are 
operating,  as  of  22  June  it  had  not  inundated  "critical"  areas  such  as  the  nur- 
sery area  or  shallow  coastal  waters.  This  has  been  due  largely  to  the  predomi- 
nantly offshore  winds. 

Natural  oil  seeps  exist  in  the  Bay  of  Campeche  and  there  is  some  evidence 
that  a  direct  correlation  exists  between  the  presence  of  seeps  and  the  abun- 
dance of  shrimp.  This  possibly  relates  to  local  upwelling  induced  by  these 
seeps.  Certainly,  the  videotapes  of  the  BOP  stack  indicated  that  the  distur- 
bance of  the  bottom  during  the  blowout  had  attracted  large  numbers  of  fish  to 
the  site.  In  addition,  large  schools  of  fish  and  some  barracuda  were  occasion- 
ally observed  at  the  edge  of  the  oil  slick. 

To  study  the  environmental  impact  of  the  IXTOC-I  spill,  PEMEX  has  con- 
tracted CIFSA,  a  consulting  firm  in  Mexico  City.  CIFSA  plans  a  three-month 
program  to  sample  the  water  and  benthos  in  the  lagoons,  inlets,  and  offshore 
areas  in  the  spill  region  and  then  analyze  the  samples  for  their  physical,  bio- 
logical, and  chemical  properties.  The  research  program  will  study  the  impact 
of  the  dispersant  on  the  marine  environment  and  analyze  the  populations  of 
plankton  and  other  marine  organisms. 

As  of  9  July,  this  program  had  not  yet  begun.  It  is  reported  that  an 
EXXON-sponsored  research  team  and  a  Norwegian  consulting  firm  will  also  be 
doing  some  biological  sampling  and  impact-assessment  work. 

8.  PROGNOSIS 


Fortunately,  the  prevailing  currents  and  winds  in  the  vicinity  of  IXTOC-I 
tended  to  keep  oil  away  from  the  shoreline  and  minimized  potential  environmen- 
tal damage.  Hurricanes  or  tropical  storms,  which  occur  in  the  Gulf  of  Mexico 
during  July  and  August,  may  inundate  significant  portions  of  the  coast  with 
oil,  greatly  increasing  the  impact  and  cost  of  this  blowout.  The  potential  for 
acutely  toxic  effects  in  the  water  column  is  probably  minimal  due  to  the  loss 
of  low-boiling-point  aromatics  through  burning  and  evaporation.  Environmental 
damage  in  littoral  areas  may  still  occur  through  the  physical  coating  of 
habitat  and  organisms  and  aesthetically  pleasing  beaches.  PEMEX  is  planning 
research  programs  that  will  document  the  physical  and  chemical  fate  of  the  oil 
and  monitor  possible  biological  effects. 
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To  reduce  the  potential  environmental  impact  of  the  spill,  the  most  impor- 
tant countermeasure  activity  that  took  place,  aside  from  relief-well  drilling, 
was  the  oil  spill  removal  operation  at  the  blowout  location.  The  oil  recovery 
device  at  the  site  had  the  capacity  to  recover  a  large  percentage  of  the  oil 
on  the  water  surface,  if  properly  deployed.  Other  countermeasure  techniques 
for  dealing  with  the  oil  on  the  water  showed  less  promise.  Burning  of  the  oil 
spill  had  been  ruled  out  because  the  oil  is  intimately  mixed  with  much  water 
and  is  already  partially  burned.  The  continuing  efforts  to  chemically  disperse 
the  viscous  oil  emulsion  also  have  been  of  questionable  value. 

It  is  impossible  to  predict  whether  this  oil  spill,  which  is  one  of  the 
world's  largest,  will  lead  to  extensive  environmental  damage  and  cleanup  costs, 
or  will  dissipate  naturally  and  harmlessly  into  the  warm  and  vast  Gulf  waters. 
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1.   INTRODUCTION 


Qualification  to  analyze  environmental  samples  for  hydrocarbons  for  NOAA's 
R/V  RESEARCHER/IXTOC-I  Project  was  predicated  on  a  prior  satisfactory  perfor- 
mance by  the  participating  laboratories.  Considering  the  state  of  the  art,  the 
four  laboratories  listed  in  Table  1  have  shown  analytical  capability  for  hydro- 
carbons in  their  analyses  of  an  Interim  Reference  Material  (IRM)  developed  by 
NOAA's  Outer  Continental  Shelf  Environmental  Assessment  Program  (OCSEAP).  This 
IRM  was  a  well-mixed  shoreline  sediment  from  an  active  harbor.  The  National 
Analytical  Facility  (NAF)  had  previously  documented  the  hydrocarbon  composition 
of  the  IRM  in  multiple  replicate  analyses  according  to  four  procedures.  A  com- 
parison of  the  results  and  precision  among  the  methods  appeared  in  the  American 
Chemical  Society  monograph,  Petroleum  in  the  Marine  Environment  (Brown  et  al . , 
1980).  NAF ' s  published  data  from  that  study  were  used  as  a  reference  in  evalu- 
ating the  data  of  the  Project  analytical   laboratories  in  this  report. 


Table  1.      RESEARCHER/IXTOC-I   Project  Analytical   Laboratories. 


University  of  New  Orleans 
New  Orleans,   Louisiana 
(UNO) 


Energy  Resources  Co.,    Inc. 
Cambridge,   Massachusetts 
(ERCO) 


Science  Applications, 
La  Jolla,   California 
(SAD 


Inc. 


University  of  Louisville 
Louisville,  Kentucky 
(UL) 


2.    IRM  ALKANES 


NAF '  s  analyses  of  the  IRM  for  nineteen  alkanes  (n-C]_4  to  n-C3o,  plus  pris- 
tane  and  phytane)  had  a  relative  standard  deviation^  (RSD)  Tlor)  of  21%  for 
NAF's  tumbler  extraction  procedure  (Brown  et  al .  ,  1979)  and  a  RSD  of  19%  for  a 
common  Soxhlet  procedure  (Farrington  and  Tripp,  1975).  Thus,  NAF's  precision 
for  alkanes  averaged  2*0%  RSD  for  two  established  analytical  procedures.  This 
intralaboratory  RSD  was  employed  in  comparing  the  IRM  results  from  the  four 
Project  laboratories  with  NAF's  more  extensive  data. 

The  intralaboratory  RSD  was  used  in  conjunction  with  an  empirical  rule 
that  differences  in  analytical  results  between  comparable  laboratories  can,  in 
general,  be  expected  to  have  about  twice  the  uncertainty  (e.g.,  RSD)  as  that 
within  a  given  laboratory.  Thus,  if  20%  is  NAF's  relative  standard  deviation 
(lar)  for  IRM  alkanes,  about  twice  that  value  (2or)  may  be  employed  when 
comparing  the  IRM  alkanes  between  NAF  and  other  comparable  laboratories.  In 
applying  this  empirical  rule,  we  calculated  the  differences  between  each  result 


^Standard  deviation  x  100/mean. 
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for  an  individual  alkane  reported  by  a  Project  laboratory  and  our  counterpart 
result.  These  differences  were  expressed  in  terms  of  twice  the  intralaboratory 
RSD  (2ar)  and  graphed  according  to  frequency  of  occurrence. 

Figure  1  shows  the  frequency  vs.  2or  graphs  comparing  the  Project  labor- 
atories to  NAF  with  respect  to  the  IRM  alkanes.  The  graphs  show  that  the  data 
from  UNO  and  SAI  correspond  well  with  those  of  NAF,  with  ERCO  next  closest  (see 
Table  1  for  laboratory  abbreviations).  Although  the  UL  graph  shows  a  greater 
divergence  between  their  results  and  ours,  the  majority  of  UL's  results  still 
lie  within  the  first  2ar  interval. 

Comparisons  between  analytical  laboratories,  clearly,  are  soundest  when 
the  analytical  procedures  are  most  alike.  Thus,  we  compare  only  the  IRM  alkane 
data  from  a  Project  laboratory  to  NAF's  corresponding  data,  using  their  tumbler 
or  shaker  results  vs.  our  tumbler  results,  or  their  Soxhlet  results  vs.  our 
Soxhlet  results.  The  importance  of  this  distinction  is  seen  in  a  frequency  vs. 
or  comparison  within  NAF's  own  tumbler  and  Soxhlet  data  (Figure  2).  While 
the  correlation  of  data  shown  in  Figure  2A  (alkanes)  is  encouraging  from  a 
methods-comparison  viewpoint,  the  moderate  disparity  between  the  results 
obtained  by  the  two  methods  in  our  laboratory  demonstrates  the  need  to  compare 
analogous  procedures  between  laboratories. 


3.   IRM  AROMATICS 

Data  for  nine  aromatic  compounds  (Table  2)  from  the  OCSEAP  IRM  intercali- 
bration  were  similarly  compared  between  NAF  and  the  Project  laboratories.  In 
this  instance,  NAF's  intralaboratory  RSD  (lar)  for  aromatics  was  33%;  hence, 
the  RSD  intervals  (2ar)  for  interlaboratory  comparison  of  aromatics  became 
66%  under  the  empirical  rule  discussed  above.  Frequency  vs.  2ar  graphs  com- 
paring the  four  laboratories  with  NAF  are  shown  in  Figure  3.  Overall,  the  high 
incidence  of  correspondence  is  quite  encouraging. 


Table  2.  Aromatic  Compounds  Used  for  Comparisons. 

Dibenzothiophene  Pyrene  Benzo[e]pyrene 

Phenanthrene  Benz[a]anthracene  Benzo[a]pyrene 

Fluoranthene  Chrysene  Perylene 


Figure  2  indicates  a  less  precise  relationship  between  our  tumbler  and 
Soxhlet  data  for  the  selected  aromatics  (Fig.  2B )  than  for  the  alkanes 
(Fig.  2A).  Therefore,  for  these  aromatics  it  is  all  the  more  important  that 
analagous  methods  be  compared  between  laboratories. 
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Figure  1.  Frequency  vs.  precision  comparisons  between  Project  labor- 
atories and  NAF.  Parameters  compared:  amounts  of  each  of 
19  alkanes  from  the  OCSEAP  IRM  sediment:  a  is  NAF1  s  RSD 
for  alkanes  (20%).  Data  compared  only  fromrclosely  corre- 
sponding methods,  i.e.,  Soxhl"et  vs.  NAF  Soxhlet  or  tumbler/ 
shaker  vs.    NAF   tumbler. 
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Figure  2.  Frequency  vs.  precision  comparisons  between  NAF  Soxhlet 
and  NAF  tumbler  extraction  procedures  with  the  OCSEAP  IRM 
sediment.  A.  Parameters  compared:  amounts  of  each  of  19 
alkanes;  a  is  NAF's  RSD  for  alkanes  (20%).   B.   Parameters 


compared:   amounts  of  each 
for  aromatics  (33%). 


of  9  aromatics;  o     is  NAF's  RSD 
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4.  WEATHERED  MOUSSE  COMPOUNDS 


As  a  further  exercise  in  inter laboratory  calibration,  the  UNO  group  sup- 
plied us  with  a  portion  of  a  solid  weathered  mousse  (sample  RIX23S001).  Both 
UNO  and  NAF  analyzed  the  mousse  surface  for  alkanes  in  the  first  chromato- 
graphic fraction  (fi);  the  results  are  shown  in  Table  3.  All  the  counterpart 
data  fell  within  the  first  2ar  interval. 

UNO 


In  the  aromatic  hydrocarbon  fraction  (f?),  UNO  reported  a  trace  of  two- 
carbon  alkylated  dibenzothiophenes  (C2-DBT's),  whereas  NAF  found  1-2  parts- 
per-million  (ppm)  of  1-methylphenanthrene,  pyrene  and  chrysene  by  gas  chroma- 
tography (GC).  NAF  further  analyzed  f2  by  GC/mass  spectrometry  (GC/MS)  and 
found  the  following  alkylated  aromatics: 


a.  DBT's  (ppm) 


Cl   -  (0.01)     C4  -  (0.04) 
C2  -  (0.08)     C5  -  (0.03) 
I    C3  -  (0.08) 


b.  Napthobenzothiophenes  (ppm) 
Cl  -   (0.03)     C4  -  (0.02) 
C2  -  (0.02)     C5  -  (0.01) 
C3  -  (0.01) 


c.  Phenanthrenes/Anthracenes  (ppm)        d.  Chrysenes  (ppm) 

C2  -  (0.03)     C4  -  (0.01)        q  -  (0.07)     C3  -  (0.02) 
C3  -  (0.03)     C5  -  (0.02)        C2  -  (0.02) 

plus  traces  of  DBT,  C3-naphthalenes  and  benzo[e]pyrene. 

NAF  collected  a  third  chromatographic  fraction  (f3)  of  the  mousse  surface 
sample  by  eluting  the  column  with  methanol.  After  concentration,  GC/MS  analy- 
sis of  f3  revealed  a  series  of  trace  multiple  peaks  that  suggested  a  homolo- 
gous series  of  isomeric  compounds.  The  mass  spectra  of  these  compounds  were 
consistent  with  their  structural  formulation  as  long-chain  saturated  alcohols. 
Experiments  are  underway  to  provide  further  evidence  for  this  interpretation 
and. to  determine  whether  primary,  secondary  or  tertiary  saturated  alcohols  pre- 
dominate. 
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Table  3.      Parts-per-thousand     (°/oo)     of    individual     alkanes     found     in     surface 
portion  of  weathered  mousse   (sample  RIX23S001)   by  NAF  and  UNO. 


Alkane 

NAF 

UNO 

SAI* 

%o 

%o 

%o 

J1"C15 

0.01 

-- 

0.02 

n-C16 

0.01 

-- 

0.05 

n-C17 

0.11 

0.11 

0.20 

pristane 

0.04 

0.04 

0.05 

J1"C18 

0.20 

0.18 

0.21 

phytane 

0.10 

0.10 

0.10 

n-C19 

0.25 

0.23 

0.25 

n~c20 

0.27 

0.26 

0.28 

Jl-C21 

0.27 

0.24 

0.26 

n-C22 

0.25 

-- 

0.24 

n-C23 

0.23 

-- 

0.22 

H"c24 

0.20 

-- 

0.20 

n-C25 

0.18 

0.15 

0.16 

il-C26 

0.17 

0.13 

0.17 

n-C27 

0.13 

-- 

0.12 

Jl"c28 

0.12 

0.09 

0.10 

n^-C2g 

0.08 

-- 

0.09 

il-C30 

0.10 

-- 

0.08 

n-C31 

0.10 

-- 

0.07 

n-C32 

0.08 

-- 

-- 

rAdded  during  proof. 
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ABSTRACT 

Low-molecular-weight  (LMWH)  and  volatile  liquid  hydrocarbons  (VLH)  were 
determined  in  water  and  oil  samples  taken  around  the  IXTOC-I  well  blowout  on 
the  Campeche  shelf  between  15  and  21  September  1979.  During  this  time  period, 
oil  and  gas  from  the  wellhead  were  burning  at  the  ocean  surface  and  large  vol- 
umes of  crude  oil  and  gas  were  being  discharged  at  the  sea  surface.  Methane, 
ethane,  propane,  and  butane  concentrations  as  high  as  530,  93,  85,  and  30  n~\/L 
were  observed  at  stations  closest  to  the  wellhead.  LMWH  concentrations 
decreased  by  approximately  1,  1.5,  2,  and  3  orders  of  magnitude  at  stations 
increasing  in  distance  from  the  blowout  site,  6,  12,  18,  and  24  miles  down- 
stream, respectively.  This  concentration  decrease  is  principally  the  result  of 
mixing  with  noncontaminated  seawater  containing  much  lower  concentrations  of 
LMWH.  LMWH  from  the  blowout  were  concentrated  in  the  upper  20  m  of  the  water 
column.  These  gases  resulted  from  gas  being  discharged  by  the  well  and  were 
not  due  to  solution  from  the  oil.  A  significant  correlation  was  found  between 
high  levels  of  LMWH  and  VLH. 

VLH  as  high  as  400  jug/L  were  observed  in  the  vicinity  of  the  blowout. 
High  values  near  the  well  site  were  partially  due  to  dispersed  oil  in  the  water 
column.  At  6  and  12  miles  downplume  from  the  blowout,  VLH  had  decreased  to  63 
and  4  /ag/L,  respectively.  The  VLH  away  from  the  immediate  vicinity  of  the 
blowout  were  dominated  by  light  aromatics  (benzene  ->  o-xylene) .  Most  VLH  in 
solution  in  the  water  column  originated  at  the  wellhead  and  not  from  dissolu- 
tion from  floating  oil/mousse.  Samples  of  oil/mousse  had  lost  98%  of  the 
<C^  n-alkanes  after  drifting  only  12  miles  from  the  wellhead. 

1.   INTRODUCTION 

Well  blowouts  occurring  at  offshore  platforms  rarely  result  in  platform 
losses.  Such  losses,  however,  are  the  inevitable  result  of  accidents  where 
heavy  equipment,  flammable  materials,  large  number  of  employees,  and  reliance 
on  complex  technology  are  involved.  In  many  cases,  these  catastrophic  inci- 
dents result  in  large  inputs  of  gaseous  and/or  liquid  hydrocarbons  into  the 
marine  environment.  Previously,  most  well  blowouts  in  the  Gulf  of  Mexico  have 
occurred  in  the  upper  Gulf  coast  region  (see,  for  example,  Brooks,  et  al . , 
1978)  where  offshore  operations  have  been  underway  for  over  20  years.  With 
increasing  offshore  drilling  operations  on  the  Mexican  continental  shelf,  there 
was  an  increased  probability  that  the  lower  Gulf  coast  would  experience  similar 
inputs  of  hydrocarbons  from  a  major  offshore  incident.  Such  an  incident 
occurred  on  3  June  1979  when  a  Petroleos  Mexicanos  well  (IXTOC-I)  blew  out. 
IXTOC-I  is  located  in  the  lower  Gulf  of  Mexico  on  the  Campeche  Shelf  at 
18°24.4'N,  92°12.2'W  (Figure  1).  Shortly  after  the  blowout,  the  escaping  gas 
and  oil  ignited,  forcing  evacuation  of  the  rig  (Royce  and  Robertson,  1979). 
This  well  blowout  resulted  in  the  introduction  of  several  million  barrels  of 
oil  into  western  Gulf  of  Mexico  waters  during  a  period  of  many  months. 
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On  11  September  1979  a  National  Oceanic  and  Atmospheric  Administration 
(NOAA)  sponsored  expedition  was  undertaken  aboard  the  NOAA  Ship  RESEARCHER  and 
the  contract  vessel  G.  W.  PIERCE  to  investigate  the  environmental  contamination 
produced  by  this  blowout.  These  ships  arrived  at  the  wellhead  on  15  September 
and  departed  the  region  on  21  September.  During  that  week,  the  gas  and  oil 
from  the  well  was  on  fire  and  large  volumes  of  crude  oil  were  being  added  to 
the  sea  surface.  Flames  from  the  well  covered  approximately  4000  m^  (Atwood, 
personal  communication).  Two  relief  well  platforms,  Azteca  and  Interocean  II, 
were  located  within  0.25  mile  of  the  burning  wellhead.  Visual  examination  of 
the  area,  upon  arrival  on  15  September,  showed  an  oil  slick  from  the  well 
directed  to  the  northeast  at  about  055°  true.  The  visible  plume  extended 
northeast  for  at  least  35  miles.  The  slick  continued  to  drift  northeast  until 
20  September,  when  it  started  to  swing  to  a  southerly  direction.  On  21  Septem- 
ber the  slick  drift  was  approximately  145°  true. 

Crude  oil  can  be  divided  into  three  categories,  based  on  compound  molecu- 
lar weights  and  vapor  pressures.  The  C1-C5  aliphatic  hydrocarbons  are  gaseous, 
low-molecular-weight  compounds.  They  are  easily  removed  from  water  by  helium 
sparging  at  room  temperature.  The  compounds  above  C15  have  very  low  vapor 
pressures  and  are  easily  removed  from  water  by  solvent  extraction.  Between 
these  two  extensively  studied  groups  of  hydrocarbons  are  the  volatile  liquid 
hydrocarbons  in  the  range  of  C5-C14.  These  hydrocarbons  can  be  extracted  only 
by  more  vigorous  gas  stripping  techniques  than  are  required  for  gasous  hydro- 
carbons, yet  are  lost  during  solvent  extraction  and  concentration  techniques 
used  for  high-molecular-weight  hydrocarbons.  The  volatile  liquid  hydrocarbons 
are  important  since  they  contain  the  light  aromatics  (benzenes  ->  naphthalenes) , 
the  most  immediately  toxic  components  of  petroleum  (Blumer,  1971;  Baker,  1970; 
McAuliffe,  1977a).  This  study  represents  the  first  detailed  sampling  for  gase- 
ous and  volatile  hydrocarbons  around  a  major  oil  spill. 

The  gaseous  and  volatile  hydrocarbon  results  reported  here  were  obtained 
from  samples  collected  aboard  the  vessel  G.  W.  PIERCE.  Figure  1  shows  the 
location  of  the  sampling  stations  for  this  hydrocarbon  study.  Table  1  gives 
the  types  of  samples  obtained  at  each  station,  the  date  sampled,  and  sample 
location. 


METHODS 


2.1  Sampling 

Samples  of  IXT0C-I  oil/mousse  were  collected  from  the  ocean  surface  for 
hydrocarbon  analysis.  Seawater  samples  from  depths  of  1  to  40  m  were  taken  for 
LMWH  and  VLH  analysis.  Samples  for  gaseous  and  volatile  hydrocarbons  were 
taken  using  a  stainless-steel  submersible  pumping  system,  10-liter  teflon-line 
Niskin  Go-Flow  bottles,  or  Bodman  bottles.  The  pumping  system  consisted  of 
2.5-m  lengths  of  stainless-steel  tubing  fitted  with  flexible  Swagelock  connec- 
tors. The  pumping  system  had  a  depth  capability  of  25  m.  Samples  for  gaseous 
hydrocarbons  were  transferred  from  the  sampling  devices  by  gravity  flow  and 
stored  in  200-ml  glass  bottles.   Sample  bottles  were  flushed  with  twice  their 
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volume,  poisoned  with  sodium  azide,  and  capped  with  no  headspace.  Samples  for 
volatile  hydrocarbons  were  taken  in  a  similar  manner  in  combusted,  hydro- 
carbon-free, 2-liter  ground-glass-stoppered  bottles.  These  samples  were 
stored  in  the  dark  in  an  air-conditioned  van  on  the  ship  and  at  4°C  in  the 
laboratory.  Oil/mousse  samples  taken  from  the  vessel  G.  W.  PIERCE  were  col- 
lected from  a  bucket  sampler  or  by  using  the  pumping  system.  All  oil/  mousse 
samples  were  stored  at  4°C  in  20-ml  capped  glass  bottles. 


2.2  Analysis 

LMWH  were  analyzed  either  by  the  multiple-phase  equilibrium  method  of 
McAuliffe  (1971)  or  by  the  purge  and  trap  technique  (Brooks  et  al . ,  1977). 
The  equilibrium  technique  was  used  for  samples  containing  ptl/L  concentrations. 
It  involves  equilibrating  25  ml  of  seawater  with  25  ml  of  helium  in  a  50-ml 
syringe  for  20  minutes  on  a  mechanical  shaker.  Over  98  percent  of  the  LMWH 
partitioned  from  the  water  into  the  helium.  The  equilibrated  gas  was  injected 
onto  a  Porapak  Q  column  and  analyzed  with  a  HP5710A  gas  chromatograph  with  a 
HP3380A  integrator,  using  a  flame  ionization  detector.  Duplicate  analyses  were 
averaged  and  compared  against  standards.  The  purge  and  trap  technique  was  used 
for  samples  containing  nl/L  concentrations.  It  involves  stripping  the  gases 
from  solution  by  purging  with  purified  helium  for  5  minutes  at  a  flow  rate  of 
200  ml/min  and  concentrating  on  a  0.6-cm  O.D.  copper  trap  containing  60/80-mesh 
Porapak  Q  at  liquid  nitrogen  temperatures.  When  the  LMWH  had  been  quantita- 
tively transferred  to  the  cold  trap,  the  trap  was  isolated  and  heated  to  100°C. 
The  trap  was  then  switched  into  the  chromatographic  stream  using  a  6-port  gas 
sample  value.  Sample  separation  and  analyses  were  performed  using  the  same 
conditions  as  described  for  the  equilibrium  technique. 

VLH  were  extracted  from  the  seawater  samples  using  the  dynamic  headspace 
sampling  technique  developed  by  Sauer  (1978).  This  method  is  a  modification  of 
the  technique  presented  by  Bertsch  et  al .  (1975)  and  May  et  al .  (1975).  The 
volatile  organics  were  stripped  from  a  heated  (70°C),  stirred,  2-liter  seawater 
sample  by  purging  with  ultrapure  helium  using  a  coarse  frit.  Volatile  organics 
were  trapped  on  a  0.5-cm  I.D.  x  15-cm  column  of  solid  polyphenyl  ether  absor- 
bent (Tenax-GC),  which  has  excellent  retention  characteristics  for  liquid 
hydrocarbons,  retains  very  little  water,  and  exhibits  negligible  column  bleed 
at  temperatures  under  300°C  (Butler  and  Burke,  1976).  The  all-glass  headspace 
sampling  apparatus  was  designed  such  that  the  stripping  of  the  volatiles  was 
done  in  the  sample  bottle  itself.  Contamination  from  the  atmosphere  and  loss 
of  volatiles  due  to  absorption  on  sample  bottle  walls  were  thus  minimized. 
Samples  were  helium-stripped  for  90  minutes  at  120  ml/min,  a  time  sufficient 
for  complete  stripping  of  most  volatile  hydrocarbons. 

After  the  volatile  organics  were  stripped  from  the  water  sample,  the  vola- 
tile components  trapped  on  the  Tenax-GC  were  desorbed  by  heating  (250°C)  using 
an  on-line  heating  unit.  They  were  transferred  by  helium  flow  to  a  liquid- 
nitrogen-cooled  trap  for  sample  consolidation.  This  trap,  attached  to  a  6-port 
sample  valve,  was  isolated  and  then  heated  to  transfer  the  trapped  hydrocarbons 
(using  the  GC  carrier  stream)  as  a  plug  onto  a  gas  chromatographic  column  for 
sample  separation  and  analysis.   The  column  was  a  0.3-cm  x  305-crn  stainless- 
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steel  chromatographic  column  packed  with  10%  SP-2100  on  80/100  Supelcoport. 
The  column  was  temperature  programmed  at  50°C  for  10  minutes,  50  to  180°C  at 
4°/min,  and  at  180°C  for  20  minutes.  Peak  confirmation  was  performed  using  the 
aforementioned  VLH  extraction  system  coupled  to  a  HP5992  gas  chromatograph/ 
quadrapole  mass  spectrometer  supported  by  a  HP  9885  M/S  flexible-disk  data  sys- 
tem. Mass  spectra  identifications  were  confirmed  by  comparison  with  spectra 
given  by  Heller  and  Milne  (1978). 

Samples  of  oil /mousse  (2-3  g)  were  dissolved  in  3  g  of  reagent-grade  car- 
bon disulfide  for  VLH  analysis.  Five  /il  of  the  sample  were  injected  onto  an 
identical  chromatographic  column  as  described  previously  and  analyzed  using  an 
HP5830A  gas  chromatograph.  The  same  chromatographic  conditions  were  used  as 
described  above.  Confirmation  of  component  identification  was  made  usinq  the 
HP5992  GC/MS. 


3.   RESULTS  AND  DISCUSSION 


3.1  Low-Molecular-Weight  Hydrocarbons 

Table  2  shows  low-molecular-weight  (C1-C4)  hydrocarbon  (LMWH)  concentra- 
tions in  seawater  samples  taken  from  aboard  the  vessel  G.  W.  PIERCE.  Methane 
concentrations  varied  from  50  nl/L  (10"^  liters  of  gas  at  NTP/liter  of  sea- 
water)  at  a  control  station  to  500,000  nl/L  near  the  wellhead.  Methane,  ethane 
and  propane  concentrations  (ranging  from  50  to  90,  0.4  to  1.5,  and  0.3  to  1.0 
nl/L,  respectively)  observed  at  station  1  were  typical  of  open-ocean  LMWH  con- 
centrations (Brooks  and  Sackett,  1973).  The  LMWH  levels  at  the  control  sta- 
tion, as  in  any  noncontaminated  oceanic  area,  were  influenced  by  air-sea 
exchange  and  possibly  by  small  amounts  of  "in-situ"-produced  gas  (Scranton  and 
Brewer,  1977).  All  other  stations  in  this  study  that  were  sampled  for  light 
hydrocarbons  showed  anthropogenic  inputs. 

The  highest  LMWH  concentrations  were  observed  at  station  5  on  17  Septem- 
ber. Profiles  of  methane  and  ethane  concentrations  versus  depth  for  ten  sta- 
tions are  shown  in  Figures  2  and  3.  The  horizontal  scales  on  these  figures  are 
four  cycle  logarithms  of  concentration.  These  figures  indicate  that  there  was 
rapid  dilution  of  LMWH  away  from  the  wellhead  in  the  northwest  direction 
(direction  of  slick  drift).  Methane  concentrations  decreased  by  approximately 
1,  1.5,  2,  and  3  orders  of  magnitude  within  6,  12,  18,  and  24  miles  downstream, 
respectively.  This  decrease  resulted  both  from  loss  to  the  atmosphere  and  from 
mixing  with  water  containing  lower  levels  of  LMWH.  Stations  8  and  12,  taken 
approximately  the  same  distance  and  direction  from  the  wellhead  on  separate 
days,  indicated  that  the  degree  of  dilution  was  very  direction-,  current-, 
and/or  sea-state-dependent.  Ethane,  propane,  and  butane  concentrations  showed 
the  same  general  trends  with  distance  from  the  wellhead. 

Samples  taken  immediately  upstream  of  the  blowout  (stations  7  and  9) 
showed  methane,  ethane,  and  propane  concentrations  of  270  to  470,  12  to  36,  and 
0.8  to  15  nl/L,  respectively.  Although  these  concentrations  are  three  orders 
of  magnitude  below  concentrations  approximately  the  same  distance  downstream  of 
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Table  2.     Low-molecular-weight  hydrocarbons  in  seawater  samples  taken  aboard 
the  vessel   G.   W.   PIERCE   (see  Figure  1  for  station  locations). 


Station     Depth 

Sampler 

Methane 

Ethane 

Propane 

Isobutane 

Butane 

Cl/C2+C3 

(m) 

nl/L 

nl/L 

nl/L 

nl/L 

nl/L 

1               1 

Pump 

55 

1.2 

1.0 

n.d. 

n.  d. 

25 

2 

Pump 

58 

1.5 

0.9 

n.d. 

n.d. 

24 

4 

Pump 

60 

0.4 

0.4 

n.d. 

n.d. 

75 

6 

Pump 

52 

0.4 

0.3 

n.d. 

n.d. 

74 

8 

Pump 

63 

0.4 

0.4 

n.d. 

n.d. 

79 

10 

Pump 

65 

0.4 

0.3 

n.d. 

n.d. 

93 

12 

Pump 

55 

0.5 

0.3 

n.d. 

n.d. 

69 

14 

Pump 

70 

0.6 

0.3 

n.d. 

n.d. 

78 

20 

Bodman 

207 

39* 

8* 

0.5 

0.3 

4.4 

20 

Go-Flow 

89 

0.4 

0.3 

n.d. 

n.d. 

127.0 

2                1 

Pump 

274 

_  — 

_  mm 

_  — 

__  — 

—  _ 

2 

Pump 

151 

11* 

6.3* 

14 

-- 

8.7 

4 

Pump 

123 

3.6* 

2.4* 

4 

-- 

21.0 

6 

Pump 

155 

25* 

4.7* 

3 

-- 

5.2 

6 

Bodman 

203 

41* 

4.9* 

3 

-- 

4.4 

6 

Go-Flow 

161 

42* 

3.8* 

3 

-- 

3.5 

8 

Pump 

167 

19* 

4.3* 

3 

-- 

7.2 

10 

Pump 

170 

20* 

5.4* 

3 

-- 

6.7 

12 

Pump 

171 

20* 

5.6* 

3 

-- 

6.7 

14 

Pump 

157 

27* 

4.6* 

5 

-- 

5.0 

16 

Pump 

175 

29* 

5.1* 

5 

-- 

5.1 

20 

Bodman 

357 

22* 

5.0* 

4 

-- 

13.0 

fil/L 

fil/L 

mVL 

Ml/L 

fil/L 

5                2 

Bodman 

258 

44 

39 

3.5 

9.1 

3.1 

6 

Bodman 

530 

93 

"85 

7.4 

22 

3.0 

20 

Bodman 

160 

25 

15 

1.7 

2.2 

4.0 

nl/L 

nl/L 

nl/L 

7                1 

Pump 

409 

19 

8.0 

-- 

-- 

15 

2 

Pump 

410 

22 

15 

-- 

-- 

11 

4 

Pump 

440 

29 

7.0 

-- 

-- 

12 

6 

Pump 

410 

24 

8.1 

-- 

-- 

13 

(*)     Peak   includes  unsaturate   (ethene  plus  ethane,   or  propene  plus  propane) 
(--)     Indicates  compound  was  not  determined, 
(n.d.)     Indicates  compound  was  not  detected. 
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Table  2.   (Continued) 


Station 

Depth 

Sampler 

Methane 

Ethane 

Propane 

Isobutane 

Butane 

Ci/C?+Co 

(m) 

nl/L 

nl/L 

nl/L 

i.           C          -J 

7 

10 

Pump 

449 

23 

7.7 

_  _ 

_  _ 

15 

12 

Pump 

458 

23 

8.0 

-- 

-- 

15 

14 

Pump 

460 

21 

12 

-- 

-- 

14 

14 

Bodman 

443 

36 

11 

-- 

-- 

9.4 

20 

Bodman 

465 

34 

12 

-- 

-- 

10 

/il/L 

mVl 

/il/L 

/il/L 

/il/L 

8 

1 

Pump 

99 

10 

0.2 

0.9 

0.2 

9.7 

2 

Pump 

77 

10 

1.0 

1.2 

0.3 

7.0 

4 

Pump 

111 

17 

5 

1.2 

0.4 

5.0 

6 

Pump 

118 

20 

9 

2.0 

1.7 

4.1 

6 

Bodman 

1.6 

0.5 

0.02 

-- 

-- 

3.1 

8 

Pump 

120 

19 

3.6 

1.2 

0.2 

5.3 

10 

Pump 

142 

22 

10 

1.7 

0.9 

4.4 

12 

Pump 

154 

26 

20 

1.7 

5.8 

3.3 

14 

Pump 

164 

28 

18 

1.9 

3.5 

3.5 

16 

Pump 

75 

12 

4 

0.7 

0.3 

4.7 

19 

Pump 

12 
nl/L 

2.9 

nl/L 

2.7 

nl/L 

2.1 

20 

Bodman 

465 

25 

6 

-- 

-- 

15 

40 

Bodman 

471 

32 

12 

-- 

-- 

11 

nl/L 

nl/L 

nl/L 

9 

6 

Go-Flow 

309 

13 

1.0 

n.d. 

n.d. 

22 

20 

Go-Flow 

270 

12 

0.8 

n.d. 

n.d. 

21 

ftl/L 

Ml/L 

mVL 

/il/L 

/il/L 

11 

1 

Go -Flow 

95 

17 

16 

1.4 

4.7 

2.8 

6 

Go-Fl ow 

78 

14 

13 

2.0 

2.7 

2.9 

20 

Go -Flow 

47 

6.6 

0.58 

0.14 

0.21 

6.5 

Ml  A 

/il/L 

/il/L 

/il/L 

/il/L 

12 

1 

Go-Fl ow 

23 

3.2 

1.1 

0.05 

0.04 

5.3 

6 

Go-Flow 

28 

3.5 

0.34 

0.04 

0.06 

7.3 

20 

Go-Flow 

2.5 

0.22 

0.1 

-- 

-- 

8.3 

(--)  Indicates  compound  was  not  determined, 
(n.d.)  Indicates  compound  was  not  detected. 
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Continued 


Table  2. 

(Continued) 

Station 

Depth 

Sampler 

Methane 

Ethane 

Propane 

Isobutane 

Butane 

c1/c2+c3 

(m) 

Ml  A 

jil/L 

Ml  A 

Ml/L 

Ml/1 

13 

1 

Go-Flow 

5.5 

0.85 

1.0 

0.02 

0.02 

3.0 

6 

Go-Flow 

2.3 

0.42 

0.16 

0.01 

0.01 

4.0 

20 

Go-Flow 

2.8 

0.24 

0.11 

0.03 

0.02 

8.0 

nl/L 

nl/L 

nl/L 

14 

1 

Go-Flow 

388 

16 

0.5 

n.d. 

n.d. 

24 

1 

Pump 

388 

13 

0.6 

n.d. 

n.d. 

29 

2 

Pump 

389 

18 

0.5 

n.d. 

n.d. 

21 

4 

Pump 

381 

18 

0.5 

n.d. 

n.d. 

21 

6 

Pump 

395 

17 

0.6 

n.d. 

n.d. 

22 

8 

Pump 

501 

23 

0.7 

n.d. 

n.d. 

21 

10 

Pump 

496 

21 

2.0 

n.d. 

n.d. 

22 

12 

Pump 

492 

23 

2.3 

n.d. 

n.d. 

19 

14 

Pump 

665 

37 

6.1 

n.d. 

n.d. 

15 

nl/L 

nl/L 

nl/L 

16 

1 

Pump 

121 

3.4 

0.4 

n.d. 

n.d. 

32 

2 

Pump 

113 

3.8 

0.4 

n.d. 

n.d. 

27 

4 

Pump 

142 

5.7 

0.5 

n.d. 

n.d. 

23 

6 

Pump 

115 

3.0 

0.4 

n.d. 

n.d. 

34 

8 

Pump 

117 

3.4 

0.4 

n.d. 

n.d. 

31 

12 

Pump 

120 

4.4 

0.4 

n.d. 

n.d. 

25 

18 

Pump 

181 

4.5 

0.4 

n.d. 

n.d. 

37 

90 

Go-Flow 

134 

5.1 

0.5 

n.d. 

n.d. 

24 

(n.d.)  Indicates  compound  was  not  detected, 


62 


o 
o 
o 


o 
o 


o 
o 


o 
m 


a. 


LU 

Z 
< 

I 

LU 


o 


in 


in 


UJ 

^r 

z 

.— 

r- 

ro 

h 

CO 

^r 

# 

03 

C\J 

/ 

CO 

-/ 

/ 

— • — 

GO 


c 
o 

•I — 
CD 
QJ 

%- 

Z3 

o 


J21 

t— i 
I 

o 

I— 

X 

1 — I 

+-> 


to 


O 

S- 
Q- 


<D 


03 
(_) 

+-> 


c\j 

23 

cn 


(sjaieiAl)    Hld3Q 


63 


o 
o 


o 

1ft 


O 


m 


3, 

LU 
Z 
< 

X 

h- 

LU 


LT> 


V 


LU 

z 
E 

CD 


LU 


lO 
O 


o 


en 

O) 

s- 
+-> 
o 

3 

o 

I — 
X2 


I 
C_J> 

o 


CD 

+-> 


QJ 

•r— 
4- 
O 

S- 

CL 

<D 

r* 
03 

.sr 

4-> 
CI) 


03 
U 
•i— 
+-> 

%. 
CD 


OO 

QJ 

S_ 

en 


O 


in 


O 


in 


o 

CM 


in 

CM 


o 

CO 


o 


(sjaja^)  Hld3Q 


64 


the  wellhead  (i.e.,  station  5),  they  are  still  an  order  of  magnitude  above 
baseline  levels.  The  source  of  these  upstream  anthropogenic  LMWH  is  no  doubt 
the  IXTOC-I  blowout.  However,  whether  or  not  they  resulted  from  mixing  by  the 
churning  water  directly  at  the  blowout  site  or  from  the  variable  current  pat- 
tern in  the  blowout  region  carrying  LMWH-laden  water  back  to  the  wellhead  is 
unknown. 

The  most  probable  source  of  the  LMWH  to  the  water  column  in  the  blowout 
region  is  gaseous  hydrocarbons  escaping  from  the  wellhead  along  with  the  oil, 
not  dissolution  of  these  components  from  the  oil.  This  concept  is  confirmed  by 
examation  of  the  vertical  profiles  at  stations  5,  8,  11,  12,  13,  and  14  (Fig- 
ures 2  and  3).  These  profiles  do  not  show  a  decreasing  gradient  from  the  sur- 
face, which  would  be  expected  if  LMWH  were  originating  from  dissolution  oil 
floating  on  the  surface.  The  vertical  profile  from  station  8  (down  to  40 
meters)  indicates  that  LMWH  are  relatively  uniform  in  the  upper  14  meters  of 
the  water  column.  However,  between  14  and  20  meters  there  is  a  decrease  of  two 
orders  of  magnitude  in  concentration.  One  explanation  for  this  distribution  is 
that  the  riser  from  which  the  oil  and  gas  are  escaping  was  broken  approximately 
20  meters  below  the  surface.  If  the  gas  and  oil  were  escaping  near  the  sea- 
floor,  one  would  expect  increasing  concentrations  to  the  bottom  because  of 
increased  hydrostatic  pressure  with  depth.  A  second  possibility  is  that  since 
station  8  was  12  miles  from  the  blowout,  a  different  water  mass  below  the 
thermocline  (approximately  20  m)  was  carrying  the  plume  from  the  blowout  in  a 
different  direction  at  that  depth. 

A  few  aberrations  in  the  data  in  Table  1  are  apparent.  Methane,  ethane, 
and  propane  were  higher  in  Bodman  bottle  samples  at  stations  1  and  2  than  in 
pump  and  Niskin  Go-Flow  samples.  The  source  of  this  contamination  is  unknown, 
but  it  might  have  come  from  previous  use  of  the  bottles  in  waters  containing 
higher  levels  of  LMWH.  At  all  other  stations,  the  Bodman  sampler  gave  results 
consistent  with  both  the  pump  samples  and  the  Niskin  bottle  samples.  The 
ethane  and  propane  concentrations  at  station  2  include  their  unsaturate  analogs 
(i.e.,  ethane  and  propane,  respectively).  The  Bodman  sample  at  6  m  at  sta- 
tion 8  was  not  representative  of  the  rest  of  the  profile  for  either  LMWH  or 
volatile  liquid  hydrocarbon  (VLH)  concentrations.  The  main  hydrocarbon  plume 
must  have  been  missed  in  this  downcurrent  station.  Methane  and  ethane  concen- 
trations at  station  16,  almost  170  miles  from  the  wellhead,  were  higher  than 
typical  open-ocean  concentrations.  Whether  these  higher  concentrations 
resulted  from  the  IXTOC-I  blowout  or  from  another  source  is  unknown.  Tar  balls 
and  floating  mousse  were  observed  in  the  surface  waters  near  this  station. 

LMWH  in  marine  waters  and  sediments  can  result  from  either  biogenic  or 
petrogenic  sources.  These  two  sources  can  be  easily  distinguished  by  molecular 
and  isotopic  analysis.  Biogenic  gas  consists  almost  exclusively  of  methane, 
carbon  dioxide,  and  hydrogen  sulfide,  having  Cx/(C2+C3 )  ratios  greater  than 
1000  and  carbon  isotope  ratios  (6  ^C  values)  of  methane  more  negative  than 
-60°/oo.  Petroleum-related  (thermocatalytic)  hydrocarbon  gases  generally  have 
(4/(02+03)  ratios  less  than  50  /oo  and  isotopic  ratios  of  methane  greater  than 
-50°/oo.  These  two  parameters  were  used  by  Bernard,  et  al .  (1977)  to  charac- 
terize LMWH  gas  sources  using  a  simple  geochemical  model  constructed  from  the 
field  of  01/(02+03)  ratios  and  8^C  values  found  in  marine  natural  gases. 
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The  Ci/(C2+C3)  ratios  for  samples  from  this  study  are  given  in  Table  2.  These 
ratios  are  very  low  (i.e.,  3  to  15)  at  stations  taken  in  the  immediate  vicinity 
of  the  blowout,  whereas  stations  farther  away  show  a  higher  ratio,  indicating  a 
decreasing  influence  of  the  blowout  on  LMWH  concentrations  with  increasing  dis- 
tance from  the  wellhead. 

Table  3  shows  carbon  isotopic  ratios  of  methane,  ethane  and  propane  in 
water  column  samples  taken  in  the  immediate  vicinity  of  the  blowout.  These 
values  are  typical  of  an  oil-related  gas. 

3.2  Volatile  Hydrocarbons 

Although  volatile  liquid  hydrocarbons  (VLH)  are  a  major  fraction  of  crude 
oil  [approximately  19  percent  for  South  Louisiana  crude  oil  (Clark  and  Brown, 
1977)],  little  information  is  available  on  this  fraction  in  waters  associated 
with  oil  spills.  The  lack  of  VLH  data  is  mainly  due  to  the  fact  that  until 
recently,  analytical  methodologies  have  not  been  available  to  measure  VLH  at 
ng/L  levels  (Sauer,  1978,  1980;  Schwarzenbach  et  al . ,  1978).  McAuliffe 
(1977b),  using  a  multiple-phase  equilibrium  technique  sensitive  only  to  /ug/L 
concentrations,  found  C2  to  C40  hydrocarbons  under  oil  slicks  at  concentrations 
of  2  to  60  /ug/L  during  the  first  30  minutes.  These  concentrations  were  attrib- 
uted to  dispersed  oil  droplets  and  not  to  solution.  Sauer  (1978,  1980)  and 
Sauer  et  al .  (1978)  reported  VLH  in  coastal,  shelf  and  open-ocean  waters  of 
the  Gulf  of  Mexico  using  the  dynamic  headspace  stripping  technique.  Open-ocean 
surface  waters  of  the  Gulf  that  are  relatively  free  of  petroleum  pollution  con- 
tained VLH  concentrations  of  ~60  ng/L.  Louisiana  shelf  coastal  waters, 
believed  to  contain  some  hydrocarbon  pollution,  reached  levels  of  ~500  ng/L. 
Aromatic  hydrocarbons  constituted  60-85%  of  the  total  VLH  in  these  surface 
waters.  Cycloalkanes  ranged  from  60  to  100  ng/L  (20%  of  the  total  VLH)  and 
total  alkanes  ranged  up  to  40  ng/L  in  Louisiana  shelf  waters.  Brooks  et  al . 
(1977)  reported  VLH  concentrations  around  a  well  blowout  on  the  Texas  shelf. 
Although  no  oil  was  associated  with  this  gas  well  blowout,  VLH  levels  of  20 
Mg/L  were  measured.  The  major  VLH  measured  around  this  Texas  shelf  blowout 
were  unresolved  in  an  envelope  of  branched  alkanes  and  substituted  cycloal- 
kanes. Total  aromatics  were  below  90  ng/L  and  n-alkanes  were  less  than  200 
ng/L. 

VLH  data  from  stations  near  the  IXT0C-I  blowout,  as  well  as  at  two  control 
stations,  are  shown  in  Tables  4  and  5.  Typical  VLH  chromatograms  are  shown  in 
Figures  4  to  8.  VLH  in  these  samples  ranged  from  approximately  300  ng/L  to 
over  400,000  ng/L  near  the  wellhead.  At  control  station  1,  the  ~300ng/L  VLH 
observed  would  be  typical  of  Louisiana  shelf  waters.  No  baseline  values  for 
VLH  on  the  Campeche  shelf  are  available.  Control  station  2,  nearer  the  well- 
head, showed  higher  VLH  levels,  possibly  indicating  an  influence  from  the  blow- 
out. Figure  4  shows  a  typical  chromatogram  for  station  2.  Calculated  values 
of  total  n-alkanes,  aromatics,  VLH,  and  the  unresolved-area  concentrations  for 
the  chromatograms  shown  in  Figures  4  to  8  are  given  in  Table  4.  In  the  Fig- 
ure 4  chromatogram,  the  light  aromatics  (benzene  -»  o-xylene)  are  the  dominant 
peaks,  although  n-C5  and  n-C6  were  also  present.  Station  16,  taken  170  miles 
to  the  west  of  the  blowout  in  conjunction  with  mousse/tar  observations,  also 
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Table  3.  613C  values  for  methane,  ethane,  and 
propane  in  seawater  samples  near  the 
IXTOC-I  well  blowout. 


Station   Depth   Methane   Ethane   Propane 
(m) 


5       2  -43.8    -35.4     -32.2 

6  -43.2    -34.4     -29.7 

20  -     -35.9     -29.0 

8       1  -46.4 

11       1  -44.5 


Values  are  in  °/oo  relative  to  PDB. 


Table  4.     Volatile  hydrocarbons   (C5-C14)    in    seawater    samples    (//g/L)    taken    in 
the  vicinity  of  the  IXTOC-I  well    blowout. 


r.    . .  Depth       c       ,  Total  Total  Unresolved         Total 

Station         ^         Sampler         N_alkanes  Aromatic  Area  VLH 


2                 4             Pump             0.3  (58%)  0.13  (25%)  n.d.  0.52 

5                 2           Bodman         38.0  (11%)  42.0  (12%)  95.0  (28%)  340.0 

5                 6           Bodman         39.0  (    9%)  57.0  (14%)  100.0  (24%)  420.0 

2.0  (   4%)  17.0  (35%)  3.1  (   6%)  49.0 

2.0  (   4%)  23.0  (44%)  1.5  (   3%)  52.0 

5.8  (   9%)  9.1  (14%)  6.5  (10%)  63.0 

0.3  (   8%)  1.1  (30%)  0.2  (   6%)  3.6 

(n.d.)  Indicates  compound  was  not  detected. 
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had  higher  VLH  levels  than  did  station  1.  The  influence  of  the  IXTOC-I  well 
blowout  on  VLH  levels  and  particularly  on  aromatic  levels  was  possibly  observed 
over  a  wide  area   of  the  Campeche  shelf. 

VLH  levels  in  the  immediate  vicinity  of  the  wellhead  (station  5)  were 
~400  /ig/L.  Visual  observations  of  the  sample  bottles  and  the  presence  of  a 
large  unresolved  envelope  (~25%  of  VLH)  in  station  5  chromatograms  indicated 
that  these  samples  contained  dispersed  oil.  Total  aromatics  and  n-alkanes  com- 
prised approximately  10  and  13  percent,  respectively,  of  the  VLH  at  this  sta- 
tion. At  station  11  (Figure  5),  6  miles  downplume,  VLH  levels  dropped  from 
~400  to  63  Mg/L.  The  unresolved  chromatographic  envelope  comprised  only  about 
10%  of  the  VLH  at  this  station,  compared  to  25%  at  station  5  near  the  wellhead. 
This  change  possibly  indicates  lower  amounts  of  dispersed  oil  in  the  samples 
farther  from  the  wellhead.  Identified  in  Figure  6  are  several  cycloalkanes  in 
the  VLH  chromatogram  (station  8).  A  large  fraction  of  the  VLH  between  n-C6  and 
n-Cg  are  substituted  one-ring  cycloalkanes.  These  components  are  major  con- 
stituents of  the  naphtha  fraction  of  many  oils.  Their  intermediate  solubility 
between  aromatics  and  alkanes  contributes  to  their  presence  in  the  VLH  chroma- 
tograms. Between  6  and  12  miles  from  the  wellhead,  the  percent  aromatic  compo- 
nent of  the  VLH  increased  by  at  least  a  factor  of  two  in  the  water,  while  per- 
cent n-alkanes  and  unresolved  area  decreased.  These  changes  can  be  observed  by 
examining  the  data  in  Table  4  and  Figures  5  and  6.  These  compositional  changes 
can  be  explained  either  by  variations  in  the  dispersed  oil  content  in  the  sam- 
ples, or  by  greater  solution  of  the  volatile  aromatics  relative  to  aliphatics 
from  the  surface  slick.  However,  Figure  11  shows  that  oil  sampled  6  miles  away 
from  the  blowout  had  few  aromatics  that  could  be  lost  to  the  water  column. 
Thus,  this  dissolution  process  may  not  account  for  the  aromatic  increase  over 
the  6-12  mile  range.  VLH  showed  similar  distributions  with  depth  and  distance 
from  the  wellhead  to  distributions  of  LMWH. 

Brooks  et  al .  (1977),  Sackett  and  Brooks  (1975),  and  Sauer  (1978)  have 
used  LMWH  as  tracers  of  the  more  toxic  and  soluble  VLH.  A  regression  analysis 
of  the  data  in  Tables  1  and  2  gave 

5CH4  =  -3.17  +  0.0077  Total  Aromatics 

with  a  coefficient  variation  of  0.92.  Correlations  between  CH4  and  aromatics 
were  most  significant  for  methane  concentrations  in  the  /ul/L  range.  The  fact 
that  a  high  correlation  was  observed  between  LMWH  and  VLH  at  the  stations  in 
the  plume  downstream  from  the  wellhead  indicates  that  similar  processes  were 
controlling  their  concentrations  in  the  study  area.  Since  LMWH  are  assumed  to 
be  introduced  as  a  point  source  at  the  wellhead  from  the  rising  gas  plume,  a 
gaseous  hydrocarbon  total  aromatic  correlation  confirms  theoretical  and  experi- 
mental data  (see  following  section)  which  predict  that  solution  of  VLH  from  an 
oil  slick  is  a  minor  process  compared  with  partitioning  to  the  atmosphere.  If 
significant  amounts  of  VLH  were  being  added  to.  the  water  column  from  dissolu- 
tion from  the  surface  oil  slick  as  currents  transport  it  away  from  the  well- 
head, a  strong  correlation  between  VLH  and  LMWH  would  not  exist.  The  introduc- 
tion of  ~400  pig/1  VLH  in  the  immediate  vicinity  of  the  wellhead  is  not  unreal- 
istic, since  Brooks  et  al .  (1978)  found  VLH  levels  near  20  pig/L  over  a  gas 
well  blowout  containing  a  large  biogenic  gas  component.   The  release  of  large 
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quantities  of  condensate-rich  gas  from  the  IXTOC-I  well  could  input  the  quanti- 
ties of  VLH  observed  in  the  water  column  without  any  dissolution  from  the  sur- 
face oil  slick.  The  positive  correlation  that  was  observed  also  confirms  that 
LMWH  Are   good  tracers  of  soluble,  higher-molecular-weight  hydrocarbons. 

3.3  Loss  of  Volatiles  from  Oil 

Immediately  upon  the  introduction  of  oil  onto  the  sea  surface,  evaporation 
and  solution  act  to  reduce  volatile  hydrocarbons  in  the  oil  slick.  These  pro- 
cesses are  simultaneous  and  competitive.  The  rate  of  these  changes  depends 
upon  the  nature  of  the  oil,  wind  velocity,  sea  state,  and  water  temperature 
(McAuliffe,  1977a).  Experimental  studies  (McAuliffe,  1977b;  Harrison  et  al . , 
1975;  Sivadier  and  Mikolaj,  1973;  Smith  and  Maclntyre,  1971)  have  shown  that 
hydrocarbons  up  to  about  12  carbon  atoms  are  rapidly  lost  from  a  surface  slick 
in  a  few  hours.  Harrison  et  al .  (1975)  developed  a  theoretical  model  to 
describe  the  loss  of  VLH  from  an  oil  slick  by  evaporation  and  solution.  This 
model  predicts  that  compounds  up  to  n-Ci2  disappear  in  3  to  8  hours.  McAuliffe 
(1977b)  showed  that  the  rate  of  loss  of  C2-C12  hydrocarbons  was  in  accordance 
with  their  vapor  pressure.  The  trimethyl benzenes,  the  slowest  of  these  to 
weather,  were  gone  from  the  oil  in  4  to  8  hours. 

Theoretical  (Harrison  et  al .  ,  1975),  laboratory  (McAuliffe,  1971,  1974), 
and  field  studies  (McAuliffe,  1977b)  indicate  that  only  a  small  percentage  of 
VLH  lost  from  a  slick  enters  the  water  column.  The  majority  of  VLH  are  lost 
from  an  oil  slick  by  evaporation.  Hydrocarbons  lost  by  solution  should  dis- 
solve in  the  water  from  an  oil  slick  in  amounts  relative  to  their  mole  fraction 
in  oil  and  inversely  proportional  to  their  molecular  weights.  Theoretical  cal- 
culations show  that  evaporation  dominates  over  dissolution  20  (benzene)  to  75 
(cumene)  times.  However,  for  naphthalene  the  loss  from  evaporation  is  almost 
the  same  as  from  dissolution.  The  aliphatics  show  evaporation  to  be  greater 
than  dissolution  by  10^  to  10^.  For  each  homologous  series  (i.e.,  aliphatics, 
aromatics,  cycloalkanes)  the  ratio  of  evaporation/solution  increases  with 
molecular  weight.  McAuliffe  (1977b)  found  the  rates  of  loss  of  benzene  and 
cyclohexane,  which  have  similar  vapor  pressures  but  very  different  solubilities 
(1780  and  55  ppm),  to  be  similar.  Figures  9  to  12  also  show  the  rates  of  dis- 
appearance of  the  benzene  and  cyclohexane  peaks  to  be  identical.  If  solution 
were  a  significant  loss  mechanism  of  these  hydrocarbons,  the  percent  benzene 
remaining  in  the  oil  should  be  lower  than  percent  cyclohexane.  Harrison,  et 
al .  (1975)  also  found  similar  loss  rates  of  hydrocarbons  with  similar  vapor 
pressures  but  widely  different  solubilities. 

Table  6  shows  the  n-alkane  distribution  in  the  eleven  IXTOC-I  oil /mousse 
samples  collected  during  this  study.  Figures  9  to  12  illustrate  the  loss  of 
volatile  hydrocarbons  from  the  oil /mousse  samples  with  distance  from  the  well- 
head. Samples  PIX10B258  (Figure  9)  and  PIX05B117  (Figure  10),  taken  within 
0.75  mile  of  the  blowout,  had  C5-C12  n-alkane  concentrations  of  approximately 
11,000  jxg/g.  No  attempt  was  made  to  separate  water  from  the  oil /mousse  samples 
before  analysis.  Therefore,  on  a  water-free  basis,  the  n-alkane  concentration 
in  a  sample  could  be  as  much  as  50  percent  low.  However,  the  fresh  oil  samples 
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(PIX10B258  and  PIX05B117)  had  little  water  and  even  the  mousse  samples  tended 
to  separate  from  seawater  with  storage.  Sample  PIX11B266,  taken  6  miles  from 
the  blowout,  had  lost  95%  of  the  n-Cs— n-C\2  relative  to  oil  taken  within  a  mile 
of  the  blowout.  Samples  taken  between  10-12  and  18-24  miles  lost  97.5%  to 
99.8%  and  about  94.4%  of  C5-C12  n-alkanes,  respectively.  Assuming  a  current 
speed  of  one  knot,  there  is  almost  complete  loss  of  C5-C12  hydrocarbons  from 
the  IXTOC-I  oil  within  12  hours. 

Sample  PIX05B116,  which  was  taken  within  a  mile  of  the  wellhead,  had 
C5-C12  n-alkanes  of  around  18  ng/g.  It  was  recognized  at  the  time  of  collec- 
tion of  this  sample  that  it  appeared  to  be  older  mousse  that  had  been  blown 
back  to  the  wellhead  by  changing  wind  conditions.  The  chemical  analysis  con- 
firmed these  visual  data.  PIX17B360,  a  tar  sample  taken  170  miles  to  the  east 
of  the  IXTOC-I  wellhead,  had  only  7  /xg/g  of  C5-C12  n-alkanes.  The  C5  and  Cs 
n-alkanes  observed  in  this  sample  were  unexpected,  considering  the  total  loss 
of  C7-C11  hydrocarbons;  thus  they  may  represent  contamination.  Table  6  indi- 
cates that  n-alkanes  lost  from  the  surface  slick  were  at  least  as  high  as 
n-Cig. 

Figures  9  and  10  indicate  that  the  main  resolved  components  of  the  oil/ 
mousse  samples  were  n-alkanes.  However,  several  light  aromatics  were  observed 
in  the  chromatograms  between  n-C6  and  n-Cn-  The  light  aromatics  (e.g.,  ben- 
zene, toluene,  xylenes)  also  were  rapidly  lost  from  the  IXTOC-I  slick.  Cyclo- 
alkanes  (Figures  9  and  10)  are  also  major  components  of  the  VLH  fractions.  It 
was  mentioned  earlier  that  benzenes  and  cyclohexane  have  similar  loss  rates  in 
this  set  of  samples,  indicating  that  evaporation  is  the  major  loss  mechanism  of 
VLH  from  the  slick. 


4.   CONCLUSIONS 


Gaseous  and  volatile  hydrocarbons  introduced  into  Campeche  shelf  waters  by 
the  IXTOC-I  well  blowout  resulted  mainly  from  condensate-rich  gas  escaping 
along  with  oil  from  the  wellhead.  Some  of  the  ~400  jug/L  volatile  liquid 
hydrocarbons  (VLH)  observed  in  surface  waters  in  the  immediate  vicinity  of  the 
wellhead  were  attributed  to  dispersed  oil  in  the  water  column.  VLH  in  oil 
emanating  as  a  surface  plume  from  the  wellhead  were  rapidly  lost,  principally 
to  the  atmosphere,  within  a  few  miles  downstream.  During  the  September  1979 
sampling,  over  98%  of  both  aliphatic  and  aromatic  C5-C12  hydrocarbons  were  lost 
from  the  downcurrent  slick  within  12  miles  of  the  wellhead.  Several  lines  of 
evidence  indicate  that  VLH  were  not  introduced  in  significant  amounts  to  the 
water  column  by  the  surface  slick.  First,  rapid  loss  of  volatiles  from  the 
oil/mousse  precludes  significant  additions  more  distant  than  a  few  miles  from 
the  wellhead.  Second,  the  observed  correlation  between  methane  and  total  aro- 
matics could  not  occur  if  there  had  been  a  flux  of  VLH  from  the  oil  to  the 
water  with  increasing  distance  from  the  wellhead.  Third,  if  a  VLH  flux  to  the 
water  had  occurred,  benzene  and  cyclohexane,  with  similar  vapor  pressures  but 
with  widely  different  solubilities,  would  have  been  lost  from  the  slick  at  dif- 
ferent rates.  This  was  not  observed.   Thus,  our  results  are  in  agreement  with 


82 


previously  reported  theoretical,  laboratory  and  field  experiments  that  indicate 
that  solution  is  a  minor  mechanism  for  VLH  loss  from  a  slick. 

Although  low-molecular-weight  hydrocarbons  (LMWH)  and  VLH  were  introduced 
to  the  IXTOC-I  well  blowout  region  as  essentially  a  point  source,  they  were 
found  to  be  distributed  over  a  large  area.  LMWH  also  served  as  good  tracers  of 
the  dispersion  of  the  VLH.  Elevated  levels  of  both  of  these  components  were 
found  at  stations  2  and  16,  tens  of  miles  away  from  the  wellhead.  Although  the 
LMWH  are  relatively  nontoxic  gases,  VLH  contain  the  most  immediately  toxic  com- 
ponents of  petroleum,  the  light  aromatics  (e.g.,  benzene,  toluene,  xylenes, 
naphthalene).  The  parts-per-bil 1  ion  concentrations  of  these  components  in  the 
immediate  vicinity  of  the  wellhead  may  have  a  damaging  effect  on  the  marine 
ecosystem.  The  effects  of  parts-per-tril 1  ion  levels  of  VLH  over  a  much  broader 
area  of  the  Campeche  shelf  are  unknown. 
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ABSTRACT 

A  suite  of  seventy-two  samples,  including  48  mousse  samples,  6  tarballs 
collected  from  the  water,  10  beach  samples,  and  8  clean  beach  tars,  were  ana- 
lyzed. The  isotopic  ratios  of  carbon  and  hydrogen  were  measured  on  all  samples 
and  were  compared  to  those  for  the  IXTOC-I  oil  and  a  sample  of  oil  collected  by 
the  MOP  near  the  wellhead.  The  6^C  values  of  the  oil  and  wellhead  oil  are 
-26.97°/oo  and  -26.89°/oo,  respectively.  The  5^C  values  for  43  of  the  mousse 
samples  are  in  the  narrow  range  -26.53°/oo  to  -27.11°/oo,  and  the  other  five 
range  from  -25.96°/oo  to  -26.22°/oo.  The  latter  group  of  mousse  samples  is 
considered  to  have  been  isotopically  altered  during  transport.  The  6D  values 
for  all  mousse  range  from  -25°/oo  to  -82°/oo  compared  to  -83°/oo  for  the  crude 
oil  and  wellhead  MOP  oil.  The  positive  6D  values  for  the  mousse  are  due  to 
contamination  by  entrained  seawater,  which  is  not  removable  by  vacuum  desicca- 
tion. The  6D  values  of  the  aliphatic  and  aromatic  fraction  of  mousse  range 
from  -86°/oo  to  -1000°/oo,  indicating  that  entrained  water  can  be  eliminated  by 
extraction  of  the  mousse  with  organic  solvents  and  column  separation. 

The  ranges  of  6^3C  and  6D  values  for  clean  beach  tars  (-26.82°/oo  to 
-27.02°/oo  and  -78°/oo  to  -84°/oo)  from  beaches  extending  from  the  Yucatan 
Peninsula  to  Brownsville,  Texas,  are  isotopically  similar  to  IXTOC-I  crude  oil. 
However,  several  tars  collected  by  the  NOAA  Ship  RESEARCHER  from  beaches  near 
Tephnales,  La  Marina,  and  Brownsville  have  isotopic  ratios  distinctly  different 
from  that  of  the  IXTOC  oil.  Measurement  of  the  isotopic  composition  of  C,  S, 
and  N  on  the  asphaltene  fraction  supports  the  conclusion  that  several  non- 
IXTOC-derived  beach  tar  samples  were  collected. 

The  content  (1.10%  to  3.48%)  and  isotopic  composition  (-4.73°/oo  to 
-0.81°/oo)  of  sulfur  in  the  asphaltene  fractions  of  the  mousse  are  different 
from  the  asphaltene  fractions  of  the  tars,  crude  oil,  and  MOP  oil  (2.98°/oo  to 
5.04°/oo  and  -5.65°/oo  to  -4.72°/oo).  Since  the  asphaltenes  of  the  mousse  are 
different  from  the  crude,  fractionation  or  incorporation  of  external  sulfur 
(e.g.,  seawater  sulfate)  may  have  taken  place  during  mousse  genesis.  Because 
the  isotopic  properties  of  the  asphaltene  fraction  of  the  crude  oil  and  tars 
are  so  similar  for  many  of  the  samples  studied,  we  suggest  that  tar  forms 
directly  from  spilled  oil  and  does  not  involve  a  mousse  intermediate. 

1.   INTRODUCTION 


The  leak  from  the  IXTOC-I  oil  well  in  Campeche  Bay,  Gulf  of  Mexico,  was 
the  largest  accidental  release  of  petroleum  in  the  history  of  drilling  and  pro- 
duction. The  spill  resulted  in  the  release  of  more  than  110  million  barrels  of 
oil  into  the  Gulf  of  Mexico.  By  comparison,  the  AMOCO  CADIZ  spill,  which 
caused  significant  environmental  and  economical  damage  along  the  French  coast 
in  1978,  released  approximately  1.5  million  barrels  (IXTOC-I  Oil  Spill  Damage 
Assessment  Program,  1979). 
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The  blowout  on  the  IXTOC-I  drilling  rig  occurred  on  June  3,  1979.  After 
the  blowout,  the  oil  was  carried  northward  by  the  Gulf  currents  from  June 
through  September  and  impacted  along  the  coastal  environments  of  Texas.  A  mid- 
September  change  in  the  prevailing  winds  and  currents  caused  the  oil  to  retreat 
and  move  southward.  From  this  time  until  April  1980,  when  the  leak  was  effec- 
tively shut  off,  the  oil  remained  in  Mexican  waters. 

The  IXTOC-I  oil  spill  was  harmful  to  the  environment,  but  not  disastrous. 
As  with  other  regions  of  the  world,  an  increase  in  shipping  traffic  and  the 
exploration  and  production  of  petroleum  will  cause  the  Gulf  Coast  to  continue 
to  suffer  from  exposure  to  oil  spills  from  various  sources.  With  this  in  mind, 
a  concerted  effort  was  made  to  study  the  environmental  impacts  on  the  Gulf  of 
Mexico  region  following  the  initial  release  of  IXTOC-I  oil. 

The  objectives  of  this  operation  were  twofold:  (1)  to  monitor  molecular 
changes  that  occur  during  weathering  of  crude  oil  in  the  natural  environment, 
and  (2)  to  test  the  effectiveness  of  various  tracer  techniques  in  order  to 
characterize  and  correlate  residual  petroleum  samples  to  their  source. 

The  stable  isotope  ratios  of  both  carbon  and  sulfur  have  been  used  to 
determine  the  origin  of  beach  tars  on  the  southern  California  coast  (Reed  and 
Kaplan,  1977;  Sweeney  and  Kaplan,  1978;  Hartman,  1978;  Venkatesan  et  al . , 
1981).  Most  conventional  chemical  methods  that  use  the  identification  of 
molecular  species  to  characterize  petroleums  suffer  from  the  unavoidable  oblit- 
eration of  the  chemical  fingerprints  during  weathering.  By  contrast,  the  sta- 
ble isotope  ratio  of  the  elements  appears  to  be  relatively  unaltered  during  the 
processes  of  biodegradation,  water  washing,  evaporation,  etc.  For  this  reason, 
74  samples  from  the  NOAA-sponsored  program  for  the  investigation  of  the  IXTOC-I 
oil  spill  were  analyzed  for  isotopic  composition.  The  isotopic  ratios  of  car- 
bon, hydrogen,  sulfur,  and  nitrogen  were  determined  for  various  samples. 

2.   EXPERIMENT 


2.1  Samples 

The  majority  of  the  samples  analyzed  for  stable  isotope  composition  were 
collected  on  the  NOAA-sponsored  IXTOC-I  Campeche  oil  spill  cruises  from  Septem- 
ber 11  to  27,  1979.  Two  ships  were  involved  in  the  collection.  Fifty-three 
samples  were  collected  on  the  NOAA  Ship  RESEARCHER  and  are  denoted  by  RIX 
(Table  1).  The  following  numbers,  0-23,  indicate  the  collection  site  in  Fig- 
ures 1  and  2.  Ten  samples  were  collected  on  the  contract  ship  G.  W.  PIERCE. 
They  are  denoted  by  PIX  in  Table  1;  the  station  locations  are  shown  in  Fig- 
ures 1  and  2.  Eight  beach  tars  were  collected  in  August-September,  1979,  from 
Yucatan  State  beach,  Mocambo  beach  near  Vera  Cruz,  Barra  del  Mezquital  Beach, 
Isla  del  Lobos  beach,  Rio  Bravo  beach  of  Matamoros  (all  in  Mexico),  and  South 
Padre  Island,  Texas.  The  samples  were  supplied  to  Global  Geochemistry  Corpora- 
tion (GGC)  by  PEMEX.  PEMEX  also  supplied  a  sample  of  the  IXTOC-I  oil  and  a 
sample  of  oil  near  the  wellhead  picked  up  by  an  oil  MOP  in  September  1979. 
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Table  1.  List  of  samples,  locations,  and  collection  agencies.  RIX  and  PIX 
coordinates  are  given  in  the  RESEARCHER  and  PIERCE  cruise  logs, 
respectively.  Locations  for  beach  tars  collected  by  PEMEX  are  gen- 
eral. The  weathered  oil  was  picked  up  by  an  oil  MOP  in  September 
1979. 


Sample 

Cruise/Location 

Agency 

Sample 

Cruise/Location 

Agency 

RO-1 

RIX   0A0015 

UNO 

R10-5 

RIX   10E572 

ERCO 

RO-2 

0C0039 

UNO 

Rll-1 

110028 

UNO 

RO-3 

0C0041 

UNO 

Rll-2 

110029 

UNO 

RO-4 

0C0042 

UNO 

Rll-3 

110030 

UNO 

RO-5 

0C0044 

UNO 

Rll-4 

11E581 

ERCO 

RO-6 

0D0045 

UNO 

Rll-5 

11E582 

ERCO 

RO-7 

00F070 

UNO 

Rll-6 

11E583 

ERCO 

RO-8 

00F071 

UNO 

Rll-7 

11E584 

ERCO 

RO-9 

00F072 

UNO 

Rll-8 

11E585 

ERCO 

RO-10 

00F073 

UNO 

Rll-9 

11E588 

ERCO 

RO-11 

00F074 

UNO 

Rll-10 

11E589 

ERCO 

RO-12 

00F075 

UNO 

R12-1 

12F058 

UNO 

RO-13 

00F077 

UNO 

R23-1 

235009A 

SAI 

RO-14 

00F078 

UNO 

R23-2 

235010A 

SAI 

RO-15 

00F079 

UNO 

RX10 

STX1013 

UNO 

RO-16 

00F080 

UNO 

R23-4 

235012 

ERCO 

RO-17 

00F081 

UNO 

P3-1 

PIX   03E048 

ERCO 

RO-18 

00F096 

UNO 

P5-1 

05E050 

ERCO 

R6-1 

060014 

UNO 

P6-1 

06E068 

ERCO 

R6-2 

06F015 

UNO 

P14-1 

14E154 

ERCO 

R6-3 

06F016 

UNO 

P14-2 

14E155 

ERCO 

R6-4 

06E525 

ERCO 

P17-1 

17E186 

ERCO 

R6-5 

06E526 

ERCO 

P17-2 

17E187 

ERCO 

R6-6 

06E530 

ERCO 

P17-3 

17E190 

ERCO 

R6-7 

06E533 

ERCO 

PPI 

Padre  Island 

ERCO 

R7-1 

07F019 

UNO 

P5-2 

05B166 

ERCO 

R7-2 

07F020 

UNO 

FI 

near  well 

COB 

R7-3 

07F023 

UNO 

Ml 

Yucatan  state 

PEMEX 

R7-4 

07E024 

UNO 

M2 

Mocambo,  V.C. 

PEMEX 

R7-5 

07E539 

ERCO 

M3 

Mocambo,  V.C. 

PEMEX 

R7-6 

07E542 

ERCO 

M4 

B.  Mezquital 

PEMEX 

R7-7 

07E543 

ERCO 

M5 

B.  Mezquital 

PEMEX 

R7-8 

07E545 

ERCO 

M6 

Padre  Island 

PEMEX 

R10-1 

10FT0W-5 

UNO 

M7 

Isla  de  Lobes 

PEMEX 

R10-2 

10E566 

ERCO 

M8 

Matamoros 

PEMEX  ' 

R10-3 

10E567 

ERCO 

IXTOC-I 

Crude  oil 

PEMEX 

R10-4 

10E571 

ERCO 

MOP  oil 

PEMEX 
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Figure  2.      Location  map  showing  collection  sites  near  well  head 
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An  additional  sample  of  mousse,  collected  near  the  well  in  July  1979,  was 
received  from  Mr.  Marchand,  Centre  Oceanologique  de  Bretagne,  Brest,  France. 

For  comparative  purposes,  the  weathered  (altered)  crude  oil  is  divided 
into  two  classifications,  depending  on  physical  texture:  (1)  mousse,  a  shim- 
mering, brownish-colored,  highly  viscous  fluid--an  oil-water  emul si  on  with  a 
consistency  similar  to  that  of  thick  fudge  syrup;  (2)  tar,  of  a  blackish,  dull 
luster--very  granular-appearing,  well -congealed  balls.  A  total  of  48  mousse 
samples  were  measured  for  isotopic  composition.  In  almost  all  cases,  the  sam- 
ples were  collected  in  the  water  column;  23  samples  were  classified  as  tars. 
These  samples  were  predominantly  derived  from  beaches.  Also  included  in  the 
samples  were  black  beach  sand  layers  that  were  believed  to  be  high  in  residual 
petroleum. 

Figures  1  and  2  show  the  locations  of  the  various  sample  sites.  Sampling 
site  locations  lie  near  the  wellhead  (R2-11  and  P3-P14),  near  Vera  Cruz  (R12, 
P17),  or  near  Brownsville  (RO,  R23).  Beach  samples  were  collected  from  a  vari- 
ety of  beaches  extending  from  Yucatan  to  Brownsville  (Table  2).  The  samples 
supplied  by  PEMEX  were  very  clean  tar  balls,  but  tar  samples  collected  by  NOAA 
cruises  contained  much  external  debris.  The  locations  of  the  PEMEX  samples  ^re 
shown  in  Figure  1. 


2.2  Procedures 

Unfractionated  samples  received  at  GGC  were  washed  to  remove  salts, 
freeze-dried,  and  then  analyzed  for  carbon  and  hydrogen  isotope  ratios.  One 
(1)  mg  of  each  sample  was  combusted  at  900°C  in  the  presence  of  cupric  oxide 
and  silver  metal  (Stump  and  Frazer,  1973).  The  produced  CO2  was  purified  and 
collected  for  isotope  analysis.  The  water  produced  by  the  combustion  was  con- 
verted to  hydrogen  gas  by  reaction  with  uranium  turnings  at  800°C  and  collected 
on  activated  charcoal  at  liquid  nitrogen  temperature  in  a  sample  tube. 

Nitrogen  and  sulfur  isotope  analyses  were  performed  on  the  asphaltene 

fraction  of  selected  samples.  These  samples  were  cleaned  of  foreign  debris  and 

separated  from  entrapped   sand   by   extraction  with   methylene  chloride. 

The  asphaltene  components  were  precipitated  in  pentane  and  separated  by  centri- 
fugation  and  freeze-drying. 

Nitrogen  was  produced  by  the  same  combustion  procedure  described  above 
(Stump  and  Frazer,  1973).  The  produced  N2  gas  was  measured  volumetrical ly  by 
use  of  a  Toepler  pump-manometer  system  and  collected  on  activated  charcoal  at 
liquid  nitrogen  temperature  in  a  sample  tube. 

Total  sulfur  content  was  determined  by  Parr  bomb  combustion  of  0.5  gm  of 
asphaltene  in  30  atmospheres  of  oxygen,  and  the  produced  sulfate  subsequently 
precipitated  as  BaS04  (Parr  Instrument  Company,  1965).  Sulfur  dioxide  was 
prepared  for  isotopic  analysis  by  direct  combustion  of  the  barium  sulfate  with 
quartz  powder  at  high  temperature  (Bailey  and  Smith,  1972). 
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Table  2.  Carbon  and  hydrogen  isotope  ratios  for  organic  matter  in  beach  sands. 
Samples  marked  with  *  had  no  extractable  components  and  the  6  values 
are  for  kerogen  or  humic  material  (these  results  are  not  included  in 
Table  3). 


Sample    5  C  (  /oo) 


o 


5D  r/oo) 


Location 


RO-2 

-25.82 

-77 

RO-3 

-26.86 

-78 

RO-4 

-26.72 

-62 

RO-5 

-26.11 

-67 

RO-7 

-27.19 

-110 

RO-8 

-28.32 

-114 

RO-9 

-27.29 

-105 

RO-10* 

-22.86 

-89 

RO-11 

-26.80 

-100 

RO-12* 

-11.66 

-64 

RO-13* 

-17.72 

-81 

RO-14* 

-18.55 

-97 

RO-15 

-26.10 

-54 

RO-16 

-26.88 

-77 

RO-17 

-23.73 

-78 

Beach  south  of  Brownsville,  Texas 


Beach  due  west  of  R14  near  Tephnales 


Beach  north  of  Rio  Soto  La  Marina 
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Aliphatic  and  aromatic  fractions  supplied  by  the  University  of  New  Orleans 
(UNO)  or  Energy  Resources  Co.  (ERCO)  were  analyzed  for  carbon  and  hydrogen  iso- 
topic  ratios  in  a  similar  manner  to  that  used  for  the  unfractionated  samples. 

Stable  isotopic  ratio  determinations  for  C,  H,  and  N  were  carried  out 
using  a  MAT  250  Varian  mass  spectrometer.  The  sulfur  isotope  ratio  was  deter- 
mined using  a  Nuclide  6"  -  60°  RMS  mass  spectrometer. 

All  isotopic  data  are  expressed  in  the  standard  6  notation: 

cv     i   /O/  \   R  sample  -  R  standard   innn 
SX  sample  (%o)  =  g  standard x  1000 

where  X  represents  the  element  of  interest  and  R  the  ratio  of  the  rare  to  the 
most  abundant  isotope  of  that  element  (e.g.,  ^C/^C).  The  isotopic  standards 
used  for  carbon,  hydrogen,  nitrogen,  and  sulfur  are  Chicago  Pee  Dee  Beleminite 
(PDB),  standard  mean  ocean  water  (SM0W),  atmospheric  nitrogen,  and  Canyon 
Diablo  meteorite  troilite  sulfur,  respectively.  Analytical  precision  of  the 
reported  values  is  0.10°/oo  for  carbon,  1.0°/oo  for  hydrogen,  0.5°/oo  for 
nitrogen,  and  0.3°/oo  for  sulfur. 

3.   RESULTS 

Table  1  gives  a  list  of  the  74  samples  used  in  this  study.  All  whole  sam- 
ples were  analyzed  for  5^C  and  6D.  These  values  are  listed  in  Table  3.  The 
5^C  of  the  crude  is  -26.97°/oo  and  the  oil  picked  up  near  the  wellhead  (MOP) 
is  -26.89°/oo.  The  range  in  6^C  values  for  mousse  near  the  wellhead  (R6-R11, 
P3-P14)  is  -26.33°/oo  to  -27.08°/oo,  with  a  mean  of  -26.86°/oo.  The  values  for 
mousse  collected  near  Vera  Cruz  (-26.79°/oo  to  -27.11°/oo)  also  have  6^C  val- 
ues essentially  identical  to  those  measured  on  the  mousse  near  the  emission 
source.  The  mousse  samples  collected  near  Brownsville  have  a  different  range 
for  fil^C  (-25.96°/oo  to  -26.22°/oo),  indicating  either  isotopic  alteration  dur- 
ing transport  or  the  inclusion  of  samples   from  an  alternative  source. 

Tne  range  in  5^C  values  for  the  clean  tars  collected  from  various  Mexican 
beaches  by  PEMEX  is  -26.82°/oo  to  -27.02°/oo,  identical  to  that  of  IXT0C-I  oil 
and  related  mousse.  The  range  of  6^C  values  for  tars  collected  by  N0AA  is 
-23.73°/oo  to  -28.32°/oo,  significantly  greater  than  the  spread  values  measured 
on  the  wellhead  mousse  and  PEMEX  tars.  This  would  suggest  that  tars  from  other 
sources  have  probably  been  sampled  in  this  group.  Table  2  gives  a  list  of  the 
samples  collected  from  the  Brownsville,  Tephnales,  and  Rio  Soto  La  Marina 
beaches.  Four  samples  (denoted  by  asterisks)  were  not  included  in  Table  3, 
because  there  was  no  extractable  organic  matter.  Only  one  of  the  eight  samples 
from  Tephnales  and  one  of  the  three  samples  from  La  Marina  have  5^C  values 
comparable  with  values  for  the  IXTOC-I  material.  The  four  tars  from  Browns- 
ville Beach  have  6^C  values  in  a  narrow  range,  -25.85°/oo  to  -26.88°/oo,  which 
are  different- from  the  IXTOC  material  but  similar  to  values  of  the  mousse  col- 
lected at  the  nearby  station,   R-23. 
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Table  3.  Carbon  and  hydrogen  stable  isotope  ratios  for  whole  samples. 
sample  is  classified  generally  as  either  mousse  or  tar. 


Each 


Sampl 

e 

613C 
(%o) 

6D 
(°/oo) 

Sample 

513C 
(%o) 

5D 

Type 

Number 

Type    Number 

(%o) 

IXTOC-I 

mousse   Rll-10 

-26.72 

-52 

crude  oil 

-26.97 

-83 

R23-1 
R23-2 

-26.00 
-26.18 

-56 
-74 

mousse 

RO-1 

-26.86 

-30 

RX10 

-26.22 

-43 

RO-4 

-26.72 

-62 

R23-4A 

-27.59 

-66 

RO-6 

-25.96 

-55 

R23-4B 

-26.91 

-82 

RO-15 

-26.10 

-54 

P3-1 

-26.79 

-46 

R6-1 

-26.86 

-44 

P5-1 

-26.53 

-35 

R6-2 

-26.65 

-50 

P6-1 

-26.84 

-37 

R6-3 

-26.88 

-39 

P14-1 

-26.57 

-54 

R6-4 

-26.96 

-42 

P14-2 

-26.71 

-58 

R6-5 

-26.83 

-57 

P17-1 

-26.81 

-52 

R6-6 

-27.08 

-51 

P17-2 

-27.11 

-45 

R6-7 

-26.88 

-52 

P17-3 

-26.79 

-41 

R7-1 

-26.66 

-54 

PPI 

-26.77 

-42 

R7-2 

-26.88 

-50 

FI 

-26.86 

-25 

R7-3 

-27.21 

-79 

R7-4 

-26.63 

-37 

tar     RO-2 

-25.82 

-77 

R7-5 

-26.91 

-58 

RO-3 

-26.86 

-78 

R7-6 

-27.00 

-57 

RO-5 

-26.11 

-67 

R7-7 

-27.08 

-52 

RO-7 

-27.19 

-110 

R7-8 

-26.86 

-52 

RO-8 

-28.32 

-114 

R10-1 

-26.84 

-46 

RO-9 

-27.29 

-105 

R10-2 

-26.82 

-53 

RO-11 

-26.80 

-100 

R10-3 

-27.02 

-54 

RO-16 

-26.88 

-77 

R10-4 

-26.85 

-53 

RO-17 

-23.73 

-78 

R10-5 

-26.97 

-53 

RO-18 

-26.67 

-84 

Rll-1 

-26.73 

-42 

R12-1 

-26.18 

-76 

Rll-2 

-26.74 

-46 

Ml 

-27.02 

-78 

Rll-3 

-26.97 

-35 

M2 

-26.95 

-84 

Rll-4 

-26.89 

-48 

M3 

-26.94 

-83 

Rll-5 

-27.08 

-47 

M4 

-26.91 

-82 

Rll-6 

-26.77 

-54 

M5 

-26.90 

-81 

Rll-7 

-26.92 

-43 

M6 

-26.93 

-84 

Rll-8 

-26.89 

-51 

M7 

-26.82 

-79 

Rll-9 

-26.94 

-57 

M8 

-26.90 

-84 
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Shown  also  in  Tables  2  and  3  are  the  6D  values  for  the  various  samples. 
The  5D  values  of  the  crude  MOP  oil  are  the  same  (-83°/oo).  The  6D  values  for 
e\/ery  mousse  sample  (-25°/oo  to  -82°/oo,  mean  -49°/oo)  are  more  positive  than 
the  crude  oil  values.  The  6D  values  for  the  PEMEX  tars  range  from  -78°/oo  to 
-84°/oo  and  are  equivalent  to  that  of  the  crude.  The  range  in  6D  values  for 
the  tars  collected  by  NOAA  is  larger,  -67°/oo  to  -114°/oo,  but  is  not  skewed  as 
much  to  isotopic  heavy  values  as  the  mousse  material. 

Figure  3  is  a  plot  of  S^C  versus  5D  for  the  various  beach  tar  samples  and 
the  MOP  oil.  The  data  points  for  the  PEMEX  tars  and  the  MOP  oil  fall  into  a 
tight  group,  along  with  some  tars  from  Brownsville  and  La  Marina.  Other  tars 
from  these  beaches  fall  into  a  group  more  positive  in  both  6^C  and  6D  than  the 
MOP  oil.  The  tars  from  the  beach  sands  near  Tephnales  have  values  more  nega- 
tive than  the  other  samples. 

Figure  4  is  a  plot  of  5^C  versus  6D  for  the  various  mousse  samples,  the 
MOP  oil,  and  the  PEMEX  tars.  With  the  exception  of  the  mousse  samples  col- 
lected from  RO  and  R23,  the  6^C  values  fall  in  the  same  range  as  the  MOP  oil 
and  the  PEMEX  tars.  The  6^C  values  for  some  of  the  samples  from  stations  RO 
and  R23  are  more  positive  than  the  mousse  samples  collected  near  the  wellhead 
and  fall  into  a  similar  range  as  that  for  the  Brownsville  and  La  Marina  beach 
tars  (Figure  4).  The  6D  values  for  all  mousse  samples  are  more  positive  than 
those  for  the  MOP  oil  or  the  PEMEX  tars. 

The  asphaltene  fraction  was  separated  for  the  IXTOC-I  crude,  the  MOP  oil, 
17  mousse  samples,  and  7  beach  tars.  This  fraction  was  chosen  in  order  to 
concentrate  the  nitrogen  and  sulfur,  which  are  in  low  abundance  in  the  IXTOC-I 
oil.  The  sulfur  and  nitrogen  content,  the  isotopic  composition,  and  the 
6^C  value  for  the  asphaltenes  were  determined  and  are  listed  in  Table  4.  The 
data  for  some  of  the  samples  are  not  given  because  the  amount  of  material 
received  at  GGC  was  too  small  to  provide  sufficient  asphaltene  for  analysis. 

Figure  5  gives  a  plot  of  sulfur  content  versus  S^S.  jne  sulfur  content 
of  the  MOP  oil  is  higher  than  that  for  most  of  the  tars  and  mousse.  The 
value  is  -4.97°/oo,  compared  to  the  ranges  -5.65°/oo  to  -3.85°/oo  (mean  = 
-5.04°/oo)  for  the  PEMEX  tars  and  -5.75°/oo  to  +0.81°/oo  (mean  =  -3.38°/oo)  for 
the  mousse  samples.  Mousse  A  and  B  are  samples  from  the  surface  and  center  of 
a  patty  collected  at  station  R23.  With  the  exception  of  the  patty,  the  6^S  -js 
more  positive  and  the  sulfur  content  is  lower  for  mousse  than  for  tar.  Also 
different  are  tars  from  Tephnales  beach  (R08,  R09)  and  one  tar  from  Brownsville 
Beach  (R03). 

The  nitrogen  content  and  isotopic  composition  are  listed  in  Table  4.  With 
the  exception  of  the  two  mousse  samples  collected  near  Vera  Cruz  (1.3%  and 
1.7%),  the  nitrogen  content  in  the  asphaltene  fraction  of  all  other  samples 
ranges  between  0.7%  and  1.0%.  The  S^n  values  of  the  crude  and  MOP  oil  are 
+0.63°/oo  and  -0.34°/oo.  respectively.  The  5^N  values  of  the  samples  range 
from  -0.80°/oo  to  +0.99°/oo,  with  the  exception  of  Rll-4  and  RO-3,  which  are 
-1.20°/oo  and  -1.21°/oo,  respectively.  Only  these  samples  have  S^N  values 
outside  the  range  of  IXTOC-I  oil.  The  sulfur/nitrogen  weight  ratios  range  from 
0.1  to  6.7  and  are  plotted  versus  S^S  jn  Figure  6. 
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Figure  3.  Plot  of  613C  vs.  6D  for  tars,  MOP  oil,  and  IXTOC-I  crude  CI  oil. 
Tars  are  separated  by  collection  site:  Brownsville  +,  Rio  Soto  La 
Marina   (•),   Tephnales   O,   and  PEMEX    A. 
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34    15       13 
Table  4.  Sulfur  and  nitrogen  content,  6  S,  6  N,  and  5  C 

fraction  of  certain  samples  listed  in  Tables  1  and  3. 


for   asphaltene 


Sample 

S  (%) 

634S  (%o) 

N  (%) 

515N  (°/oo) 

S/N 

513C 

IXTOC-I 

crude 

5.72 

— 

1.0 

+0.63 

5.7 

-27.13 

MOP  oil 

5.04 

-4.97 

1.0 

-0.34 

5.0 

— 

mousse 

R6-1 

2.81 

-3.74 

0.9 

+0.51 

3.1 

_  _  _ 

R6-4 

2.71 

-3.46 

0.9 

+0.25 

3.0 

— 

R7-1 

1.97 

-2.65 

— 

— 

— 

— 

R7-6 

2.22 

-3.45 

0.9 

+0.18 

2.5 

— 

R10-3 

2.23 

-0.81 

— 

— 

— 

— 

Rll-2 

3.18 

-4.54 

0.7 

-0.13 

4.5 

-27.12 

Rll-3 

1.12 

-2.88 

0.9 

+0.23 

1.2 

-26.84 

Rll-4 

2.44 

-3.61 

0.7 

-1.20 

3.4 

— 

Rll-5 

2.76 

-4.12 

— 

— 

— 

— 

Rll-7 

2.90 

-2.79 

— 

— 

— 

— 

R23-2 

2.72 

-4.97 

0.8 

+0.99 

3.4 

-26.90 

R23-4A 

5.16 

-4.73 

0.8 

-0.31 

6.5 

-26.83 

R23-4B 

3.48 

-5.75 

0.8 

-0.37 

4.4 

-27.01 

P17-1 

2.81 

-3.72 

1.3 

-0.17 

2.2 

— 

P17-3 

2.28 

-3.69 

1.7 

+0.13 

1.3 

— 

PPI 

3.21 

-2.39 

0.7 

+0.09 

4.6 

— 

FI 

1.10 

-1.84 

— 

— 

— 

— 

tar 

RO-3 

6.37 

+2.85 

1.0 

-1.21 

6.7 

-27.30 

RO-8 

0.05 

+1.82 

0.7 

+0.16 

0.1 

— 

RO-9 

0.10 

+5.37 

0.8 

-0.15 

0.1 

— 

RO-11 

0.66 

-6.84 

— 

— 

— 

— 

RO-16 

3.81 

-4.72 

0.8 

+0.53 

4.8 

-26.26 

Ml 

2.98 

-5.29 

0.8 

-0.80 

3.7 

-26.95 

M2 

3.61 

-5.31 

0.9 

+0.61 

4.0 

-26.75 

M4 

3.10 

-5.65 

0.9 

-0.40 

3.4 

-26.95 

M5 

3.24 

-5.50 

0.8 

-0.02 

4.1 

-26.90 

M6 

3.35 

-4.91 

0.7 

-0.40 

4.8 

-26.93 

M7 

3.70 

-4.73 

0.8 

-0.08 

4.6 

-26.88 

M8 

3.79 

-3.85 

0.8 

-0.18 

4.7 

-26.97 
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The  6^C  values  were  measured  for  several  of  the  asphaltene  fractions. 
The  results  are  listed  in  Table  4  and  are  plotted  versus  5^C  of  the  whole  sam- 
ple in  Figure  7.  The  asphaltene  fraction  of  the  MOP  oil  was  not  measured,  so 
the  values  for  the  crude  are  shown  for  comparison.  The  5^C  values  of  the  skin 
and  core  of  the  mousse  patty  (A  and  B)  are  different  for  the  whole  sample  but 
the  same  for  the  asphaltene  fraction.  The  6^C  values  for  the  asphaltene  frac- 
tion of  the  two  tars  collected  by  the  RIX  cruise  (RO-3,  RO-16)  are  more  nega- 
tive than  the  others. 

Several  of  the  mousse  samples  were  column-separated  at  the  UNO  and  ERCO 
laboratories  and  sent  to  GGC.  The  aliphatic  and  aromatic  fractions  were  meas- 
ured for  carbon  isotopic  composition,  and  the  samples  from  UNO  were  measured 
for  hydrogen  isotope  composition.  The  IXTOC  oil  was  column-separated  and  meas- 
ured at  GGC.  The  results  are  listed  in  Table  5  and  presented  graphically  in 
Figures  8  and  9. 

The  ranges  and  standard  deviations  for  the  6^C  results  are  -27.13°/oo  to 
-28.05°/oo  (0.28)  and  -26.74°/oo  to  -26.92°/oo  (0.21)  for  the  aliphatic  and 
aromatic  fractions,  respectively.  For  comparison,  the  range  and  standard  devi- 
ation for  the  whole  mousse  measurement  is  -26.53°/oo  to  -27.02°/oo  (0.14)  for 
these  samples.     All   results  are  comparable  to  the  IXTOC- I  crude. 

The  ranges  in  the  6D  values  for  the  aliphatic  and  aromatic  fractions  are 
-86°/oo  to  100°/oo  and  -92°/oo  to  -100°/oo,  in  comparison  with  -35°/oo  to 
-57°/oo  for  the  equivalent  whole  mousse  samples.  These  values  for  the  ali- 
phatic and  aromatic  fractions  are  more  comparable  with  the  5D  values  of  the 
IXTOC-I  crude  and  the  PEMEX  beach  tars. 


4.     DISCUSSION 


In  this  investigation  a  series  of  mousse  and  tar  samples  was  collected 
from  a  variety  of  locations  in  the  Gulf  of  Mexico.  Each  sample  was  measured 
for  carbon  and  hydrogen  isotopic  composition.  Chosen  samples  were  separated 
into  the  aliphatic,  aromatic,  or  asphaltene  fractions.  The  6-^C  values  were 
determined  on  most  of  these  separates.  The  asphaltene  fractions  were  processed 
for  sulfur  and  nitrogen  content  and  isotope  ratio  determination.  The  results 
are  listed  in  Tables  2-5  and  will  be  discussed  with  respect  to  two  topics: 
(1)  compare  the  isotope  data  to  determine  which  samples  were  derived  from 
sources  other  than  IXTOC-I  oil,  and  (2)  determine  whether  certain  isotopic 
fractionation  or  partitioning  has  occurred  during  exposure  to  the  marine  envi- 
ronment. 


4.1     Correlation  of  Mousse  and  Tar  to  IXTOC-I  Oil 

The  IXTOC-I  oil  has  a  613C  value  of  -26.97°/oo  and  the  MOP  oil,  collected 
near  the  wellhead,  has  a  513C  value  of  -26.89°/oo.  Of  the  48  mousse  samples 
collected,  43  have  6^C  values  in  the  narrow  range  -26.53°/oo  to  -27.11°/oo,  or 
equivalent  to  the  MOP  oil.     The  5  remaining  mousse  samples  have  6^C    values    in 
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Figure  7.  Plot  of  6^C  whole  sample  vs.  fi^C  asphaltene  fraction.  IXTOC-I  oil 
is  denoted  by  □  and  samples  are  differentiated  by  location: 
Brownsville    4-,   Rio  Soto  La  Marina  (•),   and  PEMEX   A. 
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Table  5.  Carbon  and  hydrogen  stable  isotope  ratios  on 
certain  fractions  of  mousse  samples.  The 
fractions  were  separated  at  the  agencies 
noted. 


Sample 

6l3C 

(°/oo) 

6D  ( 

o/oo ) 

Agency 

Ali 

Aro 

Ali 

Aro 

Crude 

-27.40 

-26.70 

— 

___ 

GGC 

R10-1 

-27.59 

-26.86 

-95 

-100 

UNO 

R10-3 

-27.97 

-26.23 

-96 

-98 

UNO 

R10-4 

-27.47 

-26.83 

-93 

-94 

UNO 

Rll-9 

-27.84 

-26.59 

-86 

-87 

UNO 

Rll-10 

-27.66 

-26.74 

-100 

-100 

UNO 

P5-1 

-27.13 

— 

-93 

-92 

UNO 

RlO-2 

-28.05 

-26.55 

-93 

-99 

UNO 

RlO-2 

-27.81 

-26.84 

— 

— 

ERCO 

R6-7 

-28.06 

-26.62 

— 

— 

ERCO 

R7-6 

-27.79 

-26.98 

— 

— 

ERCO 

Rll-8 

-27.41 

-26.47 

— 

— 

ERCO 

P5-2 

-27.74 

-26.92 

— 

— 

ERCO 
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Figure  8.  Comparison  of  513C  values  of  whole  samples  and  the 
aliphatic  and  aromatic  fractions. 
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Figure  9.  Comparison  of  6D  values  of  whole  samples  and  the 
aliphatic  and  aromatic  fractions. 
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the  range  -25.96°/oo  to  -26.22°/oo.  The  latter  group  of  mousse  samples  was 
from  locations  RO  and  R23  (Figure  1),  more  distant  from  the  wellhead  than  the 
others  (results  summarized  in  Table  6).  It  is  possible  that  the  mousse  at 
these  locations  came  from  a  separate  source.  However,  it  is  also  likely  that 
there  was  a  0.5°/oo  shift  in  the  6^-3C  value  during  transport  and  weathering. 
The  asphaltene  fraction  for  sample  R23-2  was  analyzed  for  isotopic  composition. 
The  513C,  534S,  and  515N  were  all  comparable  to  the  MOP  oil  (Table  7).  It 
would  appear,  therefore,  that  these  mousse  samples  are   derived  from  IXTOC  oil. 

Two  tars  from  the  beaches  near  Brownsville  and  one  from  the  beach  near 
Vera  Cruz  have  6^c  values  which  correspond  to  the  isotopically  heavy  mousse 
(Table  7).  Other  tar  samples  have  S^C  values  similar  to  the  MOP  oil  values 
(Table  2).  The  remaining  tars  are  listed  in  group  B,  Table  7.  Two  of  these 
tars  (RO-3  and  RO-11)  have  613C  values  similar  to  those  of  the  IXTOC-I  oil. 
However,  RO-3  has  isotopic  ratios  of  S,  N,  and  C  in  the  asphaltenes  which  do 
not  match  the  oil,  and  RO-11  has  a  534S  and  sulfur  content  which  are  different 
(Figure  6). 

Four  samples  collected  from  the  beach  sand  near  Tephnales  did  not  have  an 
extractable  component  (RO-10,  12,  13,  14)  and  are  obviously  not  IXTOC-related. 
Sample  RO-17  is  isotopically  more  positive  (123.73°/oo)  and  could  be  contamin- 
ated by  marine  organic  matter  (about  -20°/oo).  Three  samples  (RO-7,  8,  9)  from 
near  Tephnales  have  6^3C  values  more  negative  than  IXTOC  oil.  In  addition,  the 
6D  values  are  more  negative.  (Why  more  negative  6D  values  are  considered  to 
indicate  an  alternative  source  will  be  discussed  later.)  For  the  asphaltene 
fractions  of  RO-8  and  RO-9,  the  534S  values  (Table  7)  and  the  sulfur  content  do 
not  correspond  to  those  of  IXTOC  oil  (Figures  5  and  6). 

In  summary,  all  of  the  mousse  samples  collected  from  the  various  agencies 
and  the  tar  samples  provided  by  PEMEX  are  considered  to  have  been  derived  from 
IXTOC-I  oil.  Several  of  the  tars  collected  by  the  RIX  cruise  are  considered  to 
be  either  contaminated  or  derived  from  another  source. 


4.2  Isotopic  Fractionation  or  Partitioning 

The  most  apparent  anomalies  in  the  isotope  data  presented  in  Table  3  are 
for  the  6D  values  of  the  mousse  samples.  The  values  are,  on  an  average,  40°/oo 
more  positive  than  the  tars  or  oil  (Figure  4).  The  samples  were  all  dehydrated 
in  the  same  manner:  freezing  followed  by  freeze-drying  for  three  days.  An 
additional  15-minute  evacuation  was  performed  on  the  vacuum  line  immediately 
before  sealing  the  sample  for  reaction  with  cupric  oxide.  This  procedure  is 
routine  for  a  variety  of  organic  materials.  Although  no  recognizable  problem 
has  been  identified  for  other  types  of  organic  material  similarly  treated,  the 
mousse,  being  an  oil -water  emulsion,  adheres  more  strongly  to  adsorbed  sea- 
water.  To  test  this  hypothesis,  several  mousse  samples  were  extracted  with 
methylene  chloride  and  column-separated  into  the  aliphatic  and  aromatic  frac- 
tions. The  6D  values  for  these  samples  are  listed  in  Table  5  and  are  presented 
schematically  in  Figure  9.  The  5D  values  for  the  separated  alkanes  and  aromat- 
ics  are  about  50°/oo  more  negative  than  those  for  the  whole  mousse.  These  val- 
ues are   about  10°/oo  more  negative  than  those  for  the  crude  or  the  PEMEX  tars. 
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Table  6.  The  range,  mean,  and  standard  deviation  for  mousse  and  tar  samples 
(5^C)  collected  at  the  different  locations.  (Note  that  the  Browns- 
ville mousse  and  tar  are  about  0.6°/oo  more  positive  than  the  mousse 
samples  near  the  wellhead.) 


Standard 
Range  (°/oo)     Mean  x  (°/oo)    Deviation  (a) 


MOUSSE 

near  wellhead  -26.53  -27.08  -26.85  0.12 

near  Vera  Cruz  -26.81  -27.11  -26.90  0.17 

near  Brownsville  -26.00  -26.86  -26.29  0.35 

TAR 

PEMEX 

RIX  Brownsville 

RIX  Tephnales 

RIX  Rio  Soto  La  Marina 


-26.82 

-27.02 

-26.92 

0.06 

-25.82 

-26.86 

-26.26 

0.54 

-26.11 

-28.32 

-27.40 

0.65 

-23.73 

-26.88 

-25.76 

1.76 
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Table  7.  List  of  the  isotope  ratios  for  samples  which  did  not  directly  corres- 
pond to  IXTOC-I  oil.  The  (A)  group  is  considered  IXTOC-I-related 
with  a  shift  in  6^C  of  the  sample  due  to  evapo-transport.  The  (B) 
group  is  considered  unrelated  or  contaminated. 


WHOLE 


613C  (°/oo)   5D  (%o) 


ASPHALTENES 


534S 


(°/oo) 


515N 
(°/oo) 


6l3C 

(°/oo) 


GROUP  A 


Mousse 

RO-6 

RO-15 

R23-1 

-25.96 
-26.10 
-26.00 

-62 
-55 
-56 

R23-2 

-26.18 

-74 

-4.97 

+0.99 

-26.90 

RX10 

-26.22 

-43 

Tar 

RO-2 
RO-5 
R12-1 

-25.82 
-26.11 
-26.18 

-77 
-67 
-76 

GROUP  B 

Tar 

RO-3 
RO-7 

-26.86 
-27.19 

-78 
-110 

+2.85 

-1.21 

-27.30 

RO-8 

-38.32 

-114 

+1.82 

+0.16 

RO-9 

-27.29 

-105 

+5.37 

-0.15 

RO-10* 

-22.86 

-89 

RO-12* 

-11.66 

-64 

RO-13* 

-17.72 

-81 

RO-14* 

-18.55 

-97 

RO-17 

-23.73 

-78 

Weathered  Crude 


-26.89 


-83 


-4.97 


+0.63 


-27.13 


*No  extractable  organic  matter. 

Underlined  results  are  not  compatible  with  IXTOC-I  origin. 
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The  more  comparable  data  for  the  crude  and  the  extracted  mousse  samples  indi- 
cate that  contamination  of  adhered  water  (5D  about  0°/oo)  was  the  cause  of  the 
more  positive  8D  values  for  the  mousse.  Because  extracted  samples  are  slightly 
more  negative  than  the  tars  and  IXTOC  oil,  there  may  be  indications  that  the 
latter  contains  a  small  amount  of  adhered  water.  The  most  negative  6D  measured 
for  the  extracted  samples  is  -100°/oo.  Any  6D  value  more  negative  than  this 
cannot  be  contributed  to  adhered  water  (note  samples  in  Table  7). 

It  has  already  been  noted  that  certain  mousse  and  tar  samples  have 
613C  values  that  are  about  0.5°/oo  more  positive  than  the  IXTOC  oil  or  the 
mousse  near  the  wellhead.  An  alternative  source  for  this  material  was  not 
supported  by  the  isotope  ratios  of  the  asphaltenes  (Table  7).  It  is  possible 
that  the  oil  released  from  the  well  has  not  been  isotopically  constant  with 
time.  However,  the  mousse  (Fl)  collected  in  June  is  isotopically  the  same  as 
the  weathered  oil  collected  in  September  (-26.86°/oo  compared  to  -26.89°/oo). 
Also,  the  613C  of  the  asphaltene  fraction  of  R23-2  is  in  the  range  of  the  PEMEX 
tars  (-26.90°/oo  compared  to  -26.75°/oo).  Since  the  more  volatile  molecules  of 
crude  oil  are  isotopically  light  (Silverman,  1964),  evaporation  during  trans- 
port would  tend  to  leave  the  remaining  oil  isotopically  heavy,  or  with  a  more 
positive  5-^C  than  it  contained  previously.  This  trend  is  consistent  with  the 
carbon  isotope  shift  suggested  for  some  of  the  mousse  and  tar  samples  collected 
many  miles  from  the  wellhead.  The  fact  that  a  continuous  change  was  not  appar- 
ent from  the  data  indicates  that  this  process  is  not  simple  and  probably 
depends  on  other  factors,  such  as  surface  tension,  roughness  of  the  sea,  size 
of  accumulations,  etc. 

A  third,  and  very  interesting,  correlation  between  sulfur  content  and  534S 
is  shown  in  Figures  5  and  6.  The  content  and  5^S  0f  sulfur  in  the  asphaltene 
fraction  of  the  mousse  are  different  from  those  in  the  asphaltene  fraction  of 
the  oil  or  tars.  If  it  is  considered  that  the  oil  evolves  through  the  mousse 
to  tar,  then  it  would  not  be  expected  that  the  mousse  would  have  less  sulfur 
(and  different  S^s)  in  the  asphaltene  fraction.  An  interpretation  more  con- 
sistent with  the  data  is  that  the  tars  collected  in  this  study  did  not  evolve 
from  mousse.  The  actual  asphaltene  fraction  for  the  mousse  may  not  be  repre- 
sentative of  the  released  oil.  Not  only  do  processes  such  as  water  washing  and 
evaporation  affect  the  light  ends  of  the  oil,  but  also  a  partitioning  of 
asphaltene  molecules  may  occur  in  mousse  formation.  Dehydration  of  the  mousse 
samples  should  produce  tar  that  would  not  correspond  in  sulfur  content  or  iso- 
topic  composition  to  the  original  oil. 

5.   SUMMARY 


The  stable  isotope  ratio  of  carbon  in  the  unfractionated  samples  was  suf- 
ficiently diagnostic  to  correlate  the  majority  of  the  IXTOC-related  material  to 
the  original  oil.  However,  extraction  by  methylene  chloride,  followed  by  pre- 
cipitation of  the  asphaltenes  on  which  measurements  can  be  performed,  is  pref- 
erable. Using  this  scheme,  (1)  minerals  and  nonextractable  contaminants  are 
eliminated,  (2)  mousse  oil  is  dehydrated  so  that  the  characteristic  hydrogen 
stable     isotope     may     be     measured,      (3)     nitrogen     and     sulfur     compounds     are 
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concentrated  sufficiently  for  isotope  measurement,  and  (4)  carbon  isotope 
alteration  due  to  volatilization  on  transport  is  minimal  in  the  asphaltene 
fraction.  Because  the  processes  responsible  for  defining  the  stable  isotope 
ratios  of  C,  N,  H,  and  S  in  oil  are  generally  unrelated  (Grizzle  et  al . , 
1979),  the  measurement  of  these  isotope  ratios  on  the  separated  asphaltene 
fraction  can  yield  four  independent  parameters  for  source  correlation. 

As  a  consequence  of  comparing  the  isotopic  ratios  between  mousse  and  tar, 
certain  conclusions  can  be  reached  related  to  mousse  formation.  First,  vacuum 
desiccation  is  not  sufficient  to  separate  the  water-oil  emulsion,  but  extrac- 
tion by  methylene  chloride  is.  Second,  partitioning  of  asphaltene  molecules  in 
the  mousse  does  not  discriminate  for  nitrogen,  but  apparently  does  for  sulfur- 
containing  constituents.  A  simple  explanation  of  the  differences  in  sulfur 
content  and  534$  between  mousse  tar  and  asphaltenes  is  that  seawater  sulfate 
could  not  be  washed  out  of  the  former.  However,  isotopic  ratios  in  the 
asphaltene  fraction  of  tar  samples  are  similar  to  those  for  crude  oil,  indicat- 
ing that  the  mousse  phase  may  not  have  been  an  intermediate  step  in  formation 
of  the  tar. 
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1.   INTRODUCTION 


When  oil  is  released  subsurface  in  a  natural  water  body,  it  immediately 
begins  a -number  of  interactive  processes  with  its  environment  that  alter  its 
composition.  All  of  these  processes  occur  at  different  rates  and  their  degrees 
of  impact  vary;  however,  collectively  they  determine  the  ultimate  fate  of  the 
released  oil  and  the  effects  these  will  have  on  sensitive  components  of  the 
aqueous  environment.  The  low-molecular-weight  (<C^)  components  of  released 
oil  are  most  affected  by  dissolution  and  then  evaporation  once  they  have 
reached  the  water  surface.  The  components  of  lower  volatility  and  solubility, 
however,  are  most  affected  by  processes  that  alter  their  bulk  density  (floccu- 
lation,  agglomeration,  association  with  suspended  particulates)  and  chemical 
nature  (photo-  and  microbial  degradation). 

Sampling  during  the  NOAA  RESEARCHER/PIERCE  IXTOC-I  cruise  in  September 
1979  has  afforded  investigators  the  opportunity  to  characterize  many  of  these 
processes  that  impact  oil  after  its  release  under  special  environmental  condi- 
tions. This  report  contains  results  of  water  column  sampling  and  analysis 
aimed  at  elucidating  several  of  the  phenomena  that  act  to  distribute  the  high- 
molecular-weight  components  of  oil  after  a  spill.  Filtered  water  and  suspended 
particulates  were  collected  and  analyzed  in  an  effort  to  describe  the  distribu- 
tion of  IXTOC  oil  with  elapsed  time  after  the  subsurface  blowout.  As  an  exten- 
sion of  our  examination  of  the  effects  of  oil  dispersing  processes,  several 
samples  of  floating  mousse  were  collected  and  analyzed  for  time-dependent  chem- 
ical alteration. 


2.   METHODS 


2.1  Sampl ing  Methods 

Although  high  levels  of  petroleum  hydrocarbons  were  anticipated  in  the 
water  column  as  a  result  of  the  IXTOC-I  blowout,  extensive  precautions  were 
nevertheless  undertaken  to  insure  that  elevated  hydrocarbon  levels  would  not  be 
artificially  introduced  and  measured  due  to  contamination  from  shipboard  activ- 
ities. Two  90-L  Bodega-Bodman  water  samplers  (Figure  1)  were  used  to  collect 
all  of  the  water  and  suspended  particulate  material  samples.  These  samplers 
were  modified  and  constructed  from  the  original  design  of  the  Bodman  sampler 
(Bodman  et  al.,  1961)  by  scientists  at  the  University  of  California  -  Bodega 
Marine  Laboratory  and  SAI  in  collaboration  with  R.  Hamlin,  Oceanic  Industries, 
Osterville,  Mass.  (Payne  et  al . ,  1978;  de  Lappe  et  al . ,  1980). 

The  sampler  design  incorporates  a  12  kHz  pinger  with  a  double  pulse  rate 
option  which  allows  continuous  shipboard  monitoring  of  the  open/closed  status 
and  depth  of  the  sampler.  The  construction  is  of  anodized  aluminum,  stainless 
steel,  Teflon,  and  Viton,  to  minimize  contamination  from  sampler  materials,  and 
it  is  designed  to  pass  closed  through  the  air/sea  interface  to  avoid  potential 
internal  contamination  from  surface  slicks.  Once  beneath  the  surface,  the  sam- 
pler is  opened  by  means  of  a  one-way  relief  valve  and  cocking  line  at  a  depth 
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Figure  1.     The  Bodega -Bodman   90-liter  seawater  sampler. 
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of  3-5  meters.     It  is  then  lowered  open  through  the  water  column  to  the  desired 
sampling  depth. 

During  the  IXTOC-I  cruise  aboard  the  RESEARCHER,  discrete  90-L  samples 
were  obtained  using  a  conventional  "messenger"  for  subsurface  and  mid-depth 
samples  and  by  means  of  a  bottom  pilot-weight-tripping  mechanism  for  near-bot- 
tom samples,  approximately  5  meters  above  the  sediment/water  interface.  Once  a 
sample  was  obtained,  the  Bodega-Bodman  sampler  was  retrieved  and  a  25-ml  ali- 
quot was  transferred  to  a  Pierce  septum-capped  vial  and  then  refrigerated  at 
3°C  for  later  analysis  of  volatile  organics  (as  described  in  Payne  et  al., 
1980).  The  remaining  90  liters  of  sample  were  then  transferred  via  stainless- 
steel  lines  to  a  "clean  van"  specially  modified  and  mounted  on  the  fantail  of 
the  vessel.  While  transferring  the  sample,  the  volume  of  water  removed  was 
displaced  with  pre-purified  nitrogen  or  charcoal  and  molecular  seive-filtered 
air  to  minimize  potential  contamination  from  generator  or  main  engine 
exhausts. 

The  "clean  van"  was  an  oceanographic  van  supplied  by  N0AA/A0ML  and  out- 
fitted by  NOAA  and  SAI  personnel  before  the  cruise.  An  air-recirculating  char- 
coal filter  was  installed  within  the  van  to  remove  any  airborne  hydrocarbons 
from  the  ship's  exhaust  and  also  to  minimize  airborne  solvent  fumes  generated 
in  the  course  of  the  extraction  of  samples.  The  stainless-steel  transfer  line 
from  the  Bodega-Bodman  sampler  rack  was  attached  to  a  bulkhead  fitting  into  the 
interior  of  the  van  where  it  was  then  connected  to  a  top-mounted  Millipore  fil- 
ter holder  secured  to  a  laboratory  bench.  Kiln-fired  0.4  urn  Gel  man  glass  fiber 
filters  (293  mm  diameter)  were  used  to  remove  suspended  particulate  material 
from  the  whole  water  samples.  A  collection  carboy  located  immediately  below 
the  counter  and  elevated  by  an  adjustable  lab- jack  was  attached  to  the  Milli- 
pore filtering  apparatus  by  means  of  stainless-steel  tubing  and  a  two-hole  Tef- 
lon stopper  with  a  Viton  0-ring.  Flexible  Teflon  tubing  was  used  to  connect 
the  collection  carboy  to  an  oil  ess  vacuum  pump,  and  charcoal  filters  and  Dri- 
Rite  traps  were  installed  in-line  between  the  collection  carboy  and  pump. 

The  Bodega-Bodman  water  samples  were  pumped  into  the  clean  van  carboys  at 
approximately  1  L/min,  depending  on  the  particulate  load.  A  total  of  three 
19-L  collection  carboys  were  obtained  for  each  sample,  resulting  in  approxi- 
mately 56  L  of  seawater  being  extracted  within  the  clean  van  for  each.  The 
remaining  30  L  of  each  Bodega-Bodman  sample  were  then  filtered  to  obtain  a 
total  particulate  burden  on  the  glass  fiber  filter  from  a  90-L  sample.  Because 
of  time,  solvent  quantities,  and  logistical  constraints,  the  last  30  L  of  sea- 
water  were  not  extracted  for  dissolved-phase  organic  contents. 

Following  collection,  the  three  carboys  containing  the  filtered  seawater 
were  extracted  three  times  with  150  ml  Burdick  and  Jackson  "distilled  in  glass" 
methylene  chloride.  Each  extraction  was  performed  by  mechanical  agitation  with 
a  variable-speed  drill  and  a  stainless-steel  mixing  blade  with  pivoting  propel- 
lor  blades.  The  methylene  chloride  from  each  extraction  was  pressure-forced 
from  the  collection  carboy  with  pre-purified  molecular  seive,  charcoal -filtered 
nitrogen  into  amber  bottles  and  then  stored  at  ambient  temperature  until  con- 
centration and  subsequent  analysis  (at  SAI's  La  Jolla  laboratory).  After  the 
full   90-L  sample  filtration  was  completed,   each  particulate  filter  was  removed 
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with  stainless-steel  spatulas  and  tongs,  folded  into  kiln-fired,  solvent- 
rinsed  aluminum  foil,  and  immediately  frozen.  The  particulate  samples  remained 
frozen  until  laboratory  extraction  and  analysis.  The  total  volume  of  the 
extracted  seawater  sample  was  then  measured  and  the  water  discarded  from  the 
vessel.  Collection  carboys  were  then  cleaned  between  stations  with  Alkonox  and 
fresh  water  and  rinsed  with  Burdick  and  Jackson  acetone  and  methylene  chloride. 
This  operation  was  always  completed  upwind  of  the  ship's  main  engine  exhaust. 

The  amber  bottles  containing  methylene  chloride  extracts  from  each  station 
were  capped  at  the  time  of  collection  with  Teflon  sheeting  as  liners  to  the 
plastic  reagent  bottle  screw  caps.  Part  way  through  the  sampling  (after  sta- 
tion RIX  11),  it  was  discovered  upon  examination  of  several  of  the  extracts 
that  the  Teflon  was  permeable  to  the  methylene  chloride  solvent  and  that  some 
extraction  of  the  plastic  cap  liners  had  occurred.  At  that  time  new  Teflon- 
sheet  liners  were  placed  on  all  of  the  sample  containers  on  hand  and  then 
capped  with  kiln-fired  and  solvent-rinsed  aluminum  foil  before  the  plastic  caps 
were  replaced.  Cap  blanks  were  also  prepared  at  that  time  with  methylene  chlo- 
ride, Teflon  sheets,  and  plastic  caps  with  and  without  the  aluminum  foil  layer. 
Examination  of  FID  glass  capillary  gas  chromatograms  of  fractionated  extracts 
of  these  blanks  showed  the  same  n-alkane  series  (nC£2  to  nC3Q)  where  no  alumi- 
num foil  was  used.  After  we  began  using  the  foil,  no  further  contamination  of 
the  samples  was  noted. 

Because  of  the  higher-molecular-weight  n-alkane  contamination  in  the  dis- 
solved fraction,  any  contributions  from  their  extraneous  presence  were  deleted 
from  samples  before  RIX  12  during  data  reduction.  The  distribution  of  the  par- 
ent hydrocarbons  in  the  fresh  IXTOC  crude  indicated  that  the  unique  n-alkane 
nC22  -  nC3Q  suite  was  clearly  not  from  the  oil,  and  it  was  easily  identifiable 
as  cap  contamination  whenever  encountered. 

2.2  Laboratory  Analysis 

2.2.1  Preparation  of  Methylene  Chloride  Extracts  for  Liquid  Column  Chromatog- 
raphy 

All  methylene  chloride  extracts  and  blanks  derived  from  the  shipboard 
clean  van  were  stored  under  refrigeration  at  our  laboratory  until  analysis.  In 
the  laboratory  each  extract  was  transferred  to  a  1-L  round-bottom  flask  and 
reduced  to  a  volume  of  about  100  ml  by  solvent  evaporation  over  a  60°C  water 
bath  using  a  Kuderna-Danish  (K-D)  apparatus.  Residual  water  was  removed  by 
passing  the  concentrated  sample  through  a  2-cm  I.D.  column  packed  with  15  cm  of 
cleaned  and  activated  sodium  sulfate,  which  was  then  rinsed  with  400  ml  of 
methylene  chloride.  Each  sample  was  further  concentrated  to  about  2  ml,  and 
the  methylene  chloride  was  then  exchanged  with  hexane  by  adding  10  ml  of  hexane 
and  repeating  the  K-D  evaporation  at  80-90°C  to  a  final  volume  of  about  2  ml. 
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2.2.2  Preparation  of  Particulate  Filters  for  Liquid  Column  Chromatography 

All  filter  pads  were  kept  frozen  prior  to  preparation.  Each  filter  was 
dissected  into  small  pieces  (1x2  cm)  and  placed  in  a  500-ml  round-bottom 
flask  under  300  ml  of  27%  methanol  in  methylene  chloride  (an  azeotropic  mixture 
of  boiling  point  30°C).  The  mixture  was  refluxed  for  four  hours  and  the  sol- 
vent was  then  transferred  to  a  1000-ml  round-bottom  flask  and  partitioned  into 
hexane.  Refluxing  was  repeated  with  300  ml  of  methylene  chloride,  again  for 
four  hours.  The  methanol -water  portion  from  the  first  reflux  was  separated 
from  the  hexane  and  back-extracted  with  additional  methylene  chloride.  The 
hexane  and  methylene  chloride  extracts  were  combined  in  a  1000-ml  round-bottom 
flask  and  reduced  to  a  volume  of  10  ml  by  K-D  concentration.  Each  sample  was 
then  transferred  to  a  20-ml  vial  and  reduced  to  a  volume  of  2  ml  under  a  gentle 
stream  of  dry,   purified  nitrogen. 

2.2.3  Liquid  Column  Chromatography 

A  five-fraction  liquid  column  chromatography  (LC)  procedure  was  developed 
for  the  separation  of  aliphatics,  aromatics,  nitrogen-sulfur-oxygen  (NS0) 
heterocyclics,  and  carboxylic  acids  in  the  water,  particulate,  whole  oil,  and 
mousse  samples.  A  10-mm  I.D.  x  23-cm-long  column,  with  a  16-ml  pore  volume, 
was  packed  with  a  hexane  slurry  of  60/200-mesh  silica  gel  that  had  been  cleaned 
with  methylene  chloride  and  activated  overnight  at  210°C.  For  the  particulate 
extractions,  an  11-cm  layer  of  sodium  sulfate  was  packed  on  top  of  the  silica 
gel.  This  was  necessary  since  some  residual  water  was  present  in  the  particu- 
late extracts.  To  minimize  contamination,  30  ml  of  clean  hexane  were  eluted 
through  the  column  prior  to  sample  loading. 

The  five-part  fractionation  scheme  consisted  of  sucessive  addition  of  the 
following  solvents: 


Fraction 

1.  Hexane 

2.  Hexane:Benzene  (1:1) 

3.  10%  CH30H  in  CHoClo 

4.  CHoCl?:Et0A  -CHoOH  (1:1:1) 

5.  CH3OH      C 

During  the  course  of  the  study,  the  five-part  fractionation  was  abbrevi- 
ated to  a  three-part  scheme  for  the  methylene  chloride  water  extracts  since 
few,  if  any,  compounds  were  found  in  the  last  two  fractions  of  the  five.  The 
three-part  scheme  consisted  of: 


Fraction  Amount 

1.  Hexane  30  ml 

2.  Hexane:Benzene  (1:1)  45  ml 

3.  50%  CH3OH  in  CH2C12  60  ml 
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Amount 

30  ml 

45 

ml 

45 

ml 

60 

ml 

45 

ml 

Each  fraction  was  collected  in  a  100-ml  round-bottom  flask,  and  the  sol- 
vent reduced  to  about  1  ml  using  the  K-D  method  at  80-90°C.  All  fractions  were 
solvent-exchanged  (if  necessary)  with  10  ml  of  hexane  and  again  reduced  to  a 
volume  of  about  1  ml.  Each  sample  was  transferred  to  3.7-ml  glass  vials  and 
further  concentration  was  accomplished  by  evaporation  at  ambient  temperature 
using  a  stream  of  dry,  purified  nitrogen.  Total  sample  volumes  were  measured 
after  injection  into  the  gas  chromatograph  and  were  on  the  order  of  20-30  ul 
for  waters  and  particulates  and  200-2000  ul  for  oil  and  mousse  samples.  No 
extracts  or  fractions  were  allowed  to  go  to  dryness  during  any  extraction  or 
concentration  step  prior  to  gas  chromatographic  analysis. 

2.2.4  Gas  Chromatography  Analysis 

All  gas  chromatographic  results  were  obtained  on  a  Hewlett-Packard  5840A 
gas  chromatograph  equipped  with  an  18835A  glass  capillary  inlet  system  and 
flame  ionization  detector.  The  microprocessor-based  instrument  was  interfaced 
to  a  Texas  Instruments  Silent  7800  data  terminal  equipped  with  casette  tape 
drive,  allowing  direct  storage  of  calibration  data,  retention  times,  and  peak 
areas  required  for  the  data  reduction  system. 

A  30-m  J&W  Scientific  Co.  SE-54  wall-coated  open  tubular  glass  capillary 
column  was  utilized  for  the  desired  chromatographic  separation  of  aromatic  com- 
pounds. Temperature  programming  used  with  this  column  included: 


Initial  Temperature:     60°C  for  5  minutes 

Program  Rate:  3.5°C/min 

Final  Temperature:      275°  for  60  minutes 


The  injection  port  and  detector  were  maintained  at  250  and  350  C,  respec- 
tively. All  injections  were  made  in  the  split! ess  mode  of  operation  with  an 
injection  port  backflush  1  minute  into  the  run. 

Constant  injection  volumes  of  2.0  pi  were  analyzed  automatically  using  a 
Hewlett-Packard  model  7671A  automatic  liquid  sampler,  increasing  precision  sub- 
stantially relative  to  manual  injection. 

2.2.5  Gas  Chromatogram  Data  Reduction 

Hydrocarbon  concentrations  for  individual  resolved  peaks  in  each  gas  chro- 
matogram were  calculated  on  a  DEC-10  System  Computer  using  the  formula  given  in 
equation  1.  This  particular  example  is  of  the  program  used  for  seawater  analy- 
sis. Operator-controlled  modification  of  the  DEC-10  program  allows  similar 
data  reduction  on  sediments,  tissues,  or  individual  oil  (mousse)  samples. 
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pg  compound  X/L  seawater  -  (A,)  x  (R.F.)  x  [feffi^j      Pb^CTST 


Pre-C.S.   Vol. 
Vol 


100  100  1 

%NSL  on  LC  x  %DW/FW  x  liters 


(1) 


where: 


Ax  =  the  area  of  peak  X  as   integrated  by  the  gas  chromatograph   (in 

arbitrary  GC  area  units) 

R.F.  =  the  response  factor  (in  units  of  ug/GC  area  unit) 

P.I.V.   +  2  =  the   post-injection    volume    (in   ul )    from  which    a    2-ul    aliquot 

had  been  removed  for  analysis  by  GC   (measured  by  syringe  imme- 
diately following  sample  injection) 

Inj.S.Vol.  =  the   volume  of  sample    injected    into   the   GC    (always   2.0  ul    as 

measured  by  an  HP  automatic  liquid  sampler) 

Pre-C.S. Vol.   &       the    total     solvent    volumes    before    and    after    an    aliquot    is 
Post-C.S.  Vol.       removed  for  gravimetric  analysis  of  a  Cahn  electrobalance 

UISL  on  LC  =  the    percent    of    sample    non-saponifiable    lipid    used    for    Si02 

column  chromatography 

%DW/FW  =  the   percent   dry  weight   of  wet  weight   in   the   sediment  tissue, 

or  oil   sample  being  analyzed 

liters  =  liters  of  seawater  initially  extracted   (or  grams  wet  weight  of 

oil   or  sediment). 


During  analysis  of  the  extracts,  the  5840A  gas  chromatograph  was  recali- 
brated after  every  8  to  10  injections,  and  individual  response  factors  were 
calculated  for  all  detected  even  and  odd  n-alkanes  between  nCi2  an(^  n^32*  ^on- 
centrations  of  other  components  (i.e.,  branched  and  cyclic)  that  eluted  between 
the  major  n-alkanes  were  calculated  by  linear  interpolation  of  the  adjacent 
n-alkane  response  factors  and  the  unknown  compound  peak's  KOVAT  index.  By 
incorporating  the  post-injection  volume  (PIV)  into  the  calculation,  the  amount 
of  hydrocarbons  measured  in  the  injected  sample  was  converted  to  the  total 
hydrocarbon  concentration  in  the  sample. 

Unresolved  complex  mixtures  (UCM's)  were  measured  in  triplicate  by  planim- 
etry; the  planimeter  area  was  converted  to  the  gas  chromatograph' s  standard 
area  units  at  a  given  attenuation  and  then  quantitated  using  the  average 
response  factors  of  all  the  n-alkanes  occurring  within  the  range  of  the  UCM,  as 
shown  in  equation  2. 
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„P  -  Areap  x   (Conf.   F)   x  ^^"^  x  ^^   x  [...]  (2) 


where: 

Area  =  UCM  area  in  arbitrary  planimeter  units, 

Conv.  F.         =  a    factor    for    converting    arbitrary    planimeter    units    to    GC    area 
units  at  a  specific  GC  attenuation, 

S.  Att.  and      the  GC   attenuation   at  which  the   sample  chromatogram  was   run  and 
Ref.  Att.  the    reference    attenuation    to    determine    the    conversion    factor 

(Conv.  F.),  respectively, 

R.F.^  =  the    mean    response    factor    for    all     sequential     n-alkanes     (with 

carbon    numbers    a    to    b)    whose    retention    times    fall    within    the 
retention  time  window  of  the  UCM,   and 

[•••]  =  the  same  parameters  enclosed  in  brackets  in  equation  1. 

Confirmation  of  KOVAT  index  assignment  to  n-alkanes  was  done  by  computer 
correlation  with  n-alkane  standard  retention  times  and  direct  data-reduction- 
operator  input. 

Assignment  of  a  KOVAT  index  to  each  branched  or  cyclic  compound  eluting 
between  the  n-alkanes  was  done  by  interpolation  using  the  unknown  compound  and 
adjacent  n-alkane  retention  times.  Assignment  of  KOVAT  indices  to  peaks  in  the 
aromatic  fraction  was  made  by  direct  correlation  of  unknown  peaks  with  reten- 
tion times  from  the  n-alkane-standard  run  completed  prior  to  sample  injection 
(Payne  et  al.,  1978).  This  approach  has  been  shown  to  yield  equivalent  or 
better  results  than  those  obtained  using  4  or  5  specific  aromatic  compounds  as 
individual   standards. 


2.2.6    Capillary  Gas  Chromatography  Mass  Spectrometry 

Selected  extractable  organic  compounds  previously  analyzed  by  glass  capil- 
lary column-FID  GC  were  also  subjected  to  glass  capillary  GC  mass  spectrometry. 
A  30-meter  J&W  SE-54  glass  capillary  column  (0.25-mm  I.D.  with  a  film  thickness 
of  25  jim)  was  used  to  achieve  chromatographic  separation  on  the  front  end  of  a 
Finnigan  4021  quadrupole  mass  spectrometer.  The  capillary  system  was  operated 
in  the  splitless  (Grob-type)  mode.  The  static  time  upon  injection  was  1.0  min, 
after  which  time  the  injector  was  backflushed  with  the  split  and  septum  sweep 
flows  at  a  combined  35  ml  /min.  Linear  velocity  was  set  at  40  cm/sec,  which 
gave  a  flow  rate  of  1.18  ml /min.  The  GC  was  programmed  to  remain  isothermal  at 
50°C  for  4.0  min  following  injection.  It  was  then  set  to  elevate  at  3.5°C/min 
from  50-275°C,  after  which  the  oven  was  held  isothermal ly  at  275°C  for  approxi- 
mately 20  minutes. 
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The  column  effluent  from  the  capillary  system  was  directly  transferred 
through  an  all -glass  line  to  the  ion  source,  which  was  operated  in  the  elec- 
tron impact  mode.  The  mass  spectrometer  ion  source  was  operated  at  70eV  and 
the  lens  potentials  optimized  for  maximum  ion  transmission.  The  quadrupole 
offset  and  offset  programs  were  adjusted  to  yield  a  fragmentation  ratio  of  per- 
fluorotri butyl  amine  m/e  69-to-219  of  2.5:1.  This  tuning  yields  quadrupole 
electron  impact  spectra  that  are  comparable  to  magnetic  sector  electron  impact 
spectra,  thereby  allowing  optimal  matches  in  the  computer  search  routines  used 
in  the  INCOS  data  system  that  scans  the  quadrupole  rods  from  35-550  amu  in  0.95 
sec.  A  hold  time  of  0.05  sec  between  scans  allows  the  electronics  to  stabilize 
prior  to  the  next  scan.  The  mass  spectrometer  was  tuned  at  the  beginning  of 
each  day  using  perfluorotri butyl  amine.  A  calibration  was  accomplished  with  a 
routine  diagnostic  fit  of  2%  mass  accuracy.  Prior  to  analysis  of  samples,  a 
standard  mixture  of  n-alkanes,  pristane,  phytane,  and  mixed  aromatic  hydrocar- 
bons was  injected. 

Several  aromatic  fractions  of  mousse,  crude  oil,  water  filtrates,  and  par- 
ticulates were  analyzed  by  glass  capillary  GCMS  techniques.  For  each  sample, 
the  ionization  current  of  the  molecular  ions  of  the  parent  through  the  tetra- 
alkyl  analogs  of  naphthalenes,  fluorenes,  phenanthrenes,  and  dibenzothiophenes 
was  integrated  to  determine  the  change  in  the  relative  abundance  of  the  various 
aromatic  types  and  their  homologs  in  the  different  sample  types.  Although  this 
technique  may  under- represent  the  higher  alkyl  homologs  (because  of  greater 
fragmentation  relative  to  the  parent  compound),  it  allows  an  accurate  distribu- 
tional comparison  between  samples  and  sample  types. 

For  the  crude  oil  and  mousse  samples,  the  abundance  of  the  mono-substi- 
tuted (m/e  91),  di-substituted  (m/e  105),  and  substituted  (m/e  119)  benzenes 
were  also  documented  as  a  function  of  carbon  number. 


3.   RESULTS 


3.1     Spiked  Recovery  Data 

In  order  to  assess  the  extraction  efficiency  of  our  analytical  procedures, 
one  sample  was  spiked  at  sea  with  a  series  of  aliphatic,  cycloalkane,  and 
alkyl  substituted  aromatic  hydrocarbons.  These  standards  were  diluted  in  ace- 
tone and  added  to  the  carboys  before  methylene  chloride  extraction.  Table  1 
includes  the  spiked  and  recovered  amounts  of  these  hydrocarbons,  suggesting 
that  yields  in  the  range  of  35  to  40%  can  be  expected  with  these  methods.  This 
implies  that  the  actual  dissolved  hydrocarbon  burdens  may  be  as  much  as  a  fac- 
tor of  two  higher  than  the  results  reported  here.  The  relative  concentrations 
from  site  to  site  are  still  useful,  however,  in  evaluating  the  fate  and  distri- 
bution of  the  higher-molecular-weight  hydrocarbons  released  from  the  IXT0C 
blowout. 

Assessment  of  extraction  efficiency  for  particulate-bound  hydrocarbons  was 
undertaken  by  spiking  a  Gelman  293-mm  diameter,  kiln-fired  glass-fiber  filter 
with  a  mixture  of  n-alkanes  and  aromatic  hydrocarbons.     These  recovery  data  are 
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Table  1.     Particulate  and  dissolved  spike  recovery  results. 


PARTICULATES 

Actual  Amount 

Recovered  Amount 

%   Recovered 

Compound 

M9/1 

M9/1 

M9/1 

nC12 

0.0197 

0.011 

56 

nC13 

0.0204 

0.012 

59 

nC14 

0.0221 

0.013 

59 

nC15 

0.0204 

0.012 

59 

nC17 

0.0218 

0.015 

69 

pristane 

0.0218 

0.014 

64 

nC18 

0.0207 

0.0155 

75 

phytane 

0.0323 

0.0233 

72 

nC20 

0.0314 

0.0255 

81 

nC21 

0.0850 

0.0698 

82 

nCpo 

0.0327 

0.0260 

80 

nC23 

0.0620 

0.0505 

81 

nC31 

0.0165 

0.0140 

85 

nC32 

0.0215 

0.0190 

88 

n-propyl benzene 

0.081 

0.22 

27 

naphthalene 

0.077 

0.034 

44 

anthracene 

0.072 

0.037 

51 

pyrene 

0.080 

0.042 

53 

WATERS 


nC 


20 


hexamethyl benzene 
hexaethyl benzene 


3.0 

0.54 

0.67 


1.05 

35 

0.075 

14 

0.28 

42 
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also  shown  in  Table  1.  In  examining  our  own  past  data  and  those  of  others,  we 
have  considered  the  possibility  that  hydrocarbons  dissolved  in  the  water  column 
may  be  preferentially  adsorbed  onto  the  glass  filter  or  suspended  particulate 
material  during  filtration.  As  a  result,  we  have  reported  hydrocarbon  concen- 
trations for  both  dissolved-phase  and  particulate-bound  loads  as  well  as  the 
sum  of  the  particulate  and  dissolved  fractions.  Thus,  the  data  presented 
herein  represent  total  water  column  burdens  as  derived  by  graphically  summing 
the  particulate-bound  and  dissolved  hydrocarbon  component  loads. 

3.2  Results  of  Intercal  ibration  Sample  Analyses 

Tables  2  and  3  present  the  triplicate  determinations  of  total  resolved  and 
unresolved  complex  mixtures  in  the  aliphatic  and  aromatic  fractions,  respec- 
tively, of  an  intercal ibration  sample  distributed  among  the  participants  of  the 
IXTOC  RESEARCHER/PIERCE  cruise.  This  sample  was  a  water  parcel  obtained  from 
the  PIERCE  by  Go-Flo  sampler;  it  was  extracted  with  methylene  chloride  by  sci- 
entists from  Energy  Resources  Company  (ERCO)  and  the  University  of  New  Orleans. 
An  aliquot  of  the  methylene  chloride  extract  was  distributed  to  each  of  the 
participating  laboratories;  each  laboratory  fractionated  the  extract  according 
to  its  own  protocol  and  analyzed  it  by  flame  ionization  detector  glass  capil- 
lary gas  chromotography. 

Table  4  presents  the  abundance  of  selected  aromatic  compounds  relative  to 
phenanthrene  in  the  intercal ibration  extract.  This  approach  to  quantitation  of 
the  observable  GC  peaks  was  hampered  by  several    inherent  problems: 

•phenanthrene  coelutes  with  alkyl    benzene, 

•C^-dibenzothiophene-C   (DBT)   coelutes  with  C^-phen-A, 

•naphthalene-A  coelutes  with  several   other  compounds, 

•the   vail ey-to- valley   integration   algorithm  of  the  HP5840   GC    under-rep- 
resents  the  concentration  of  those  peaks  which  are  not  fully  resolved. 

Despite  these  GC  "problems,"  we  were  able  to  generate  the  data  in  Table  4  as 
representative  using  GC/MS  mass  chromatograms  to  confirm  the  GC  quantitation. 

3.3  Water  Column  Concentration  Data 

Figures  2  and  3  present  overviews  of  the  Gulf  of  Mexico  and  the  IXTOC-I 
vicinity  showing  the  RESEARCHER/PIERCE  station  locations;  Table  5  includes  the 
dissolved  and  particulate-bound  hydrocarbon  concentrations  as  measured  by  flame 
ionization  detector  gas  chromatography.  Figures  4  and  5  present  these  data  in 
graphical  form  in  which  the  total  dissolved  and  particulate-bound  fractions  are 
compared.       The    most    striking    features    of    these    data    are    the    extremely    low 
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Table  2.     Aliphatic   (Fl)  fraction  intercal ibration  results,   sample  PIX  05E050, 


1 

2 

3 

Total  resolved 

hydrocarbons 

3320 

3150 

3570 

Total  unresolved 

hydrocarbons 

6470 

6260 

7020 

n-alkane: 

branched  hydrocarbons 

2.22 

1.96 

1.88 

Concentrations  (jug/ml   of  supplied  extract) 


Repl icate 

Coefficient 

Rel. 

(1) 

(2) 

(3) 

Mean 

of  variation 

to  nCpQ 

C10 

12 

32 

34 

26 

40% 

0.245 

Cll 

58 

88 

98 

81 

21 

0.771 

C12 

140 

160 

179 

171 

17 

1.621 

C13 

184 

190 

213 

196 

6 

1.855 

C14 

213 

206 

212 

217 

5 

2.057 

C15 

238 

201 

249 

229 

9 

2.174 

C16 

201 

186 

206 

198 

4 

1.874 

C17 

197 

180 

195 

190 

4 

1.807 

Pristane* 

0 

0 

0 

0 

0 

0 

C18 

143 

132 

145 

140 

4 

1.327 

Phytane 

57 

49 

55 

54 

6 

0.507 

c19 

116 

107 

116 

113 

5 

1.060 

C20 

109 

100 

108 

106 

4 

1.000 

C21 

98 

88 

96 

113 

4 

1.071 

C22 

89 

80 

87 

85 

4 

0.806 

*Not  integrated 
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Table  2.      (Continued) 


(1) 

Replicate 
(2) 

(3) 

Mean 

Coefficient 
of  variation 

Rel. 
to  nC2Q 

C23 

82 

73 

80 

78 

5 

0.739 

C24 

76 

67 

73 

72 

5 

0.583 

C25 

72 

64 

71 

69 

5 

0.657 

C26 

54 

47 

52 

51 

6 

0.484 

C27 

47 

41 

46 

45 

6 

0.424 

C28 

42 

18 

41 

40 

5 

0.383 

C29 

38 

32 

36 

36 

7 

0.366 

C30 

46 

32 

38 

39 

14 

0.365 

C31 

40 

32 

34 

35 

10 

0.334 

C32 

32 

29 

30 

31 

3 

0.289 

C33 

29 

27 

26 

27 

5 

0.183 

C34 

19 

20 

19 

19 

2 

0.183 

TOTAL 

2260 

2080  . 

2330 

2220 

5 
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Table  3.  Aromatic  (F2)  and  polar  (F3)  fraction  intercal ibration  results,  sam- 
ple PIX  05E050. 


Total  resolved  hydrocarbons 
Total  unresolved  hydrocarbons 


484 
4200 


458 
4240 


430 
4090 


COMPARISON  OF  SELECTED  PEAKS 


Kovat 
Index 

Replicate  (p 
(1)    (2) 

tg/ml ) 
(3) 

Mean 

Coefficient 
of  variation 

1298 

C^-Naphthalene 

21 

16 

19 

19 

10% 

1315 

C^-Naphthalene 

12 

10 

11 

11 

9% 

1409 

C2-Naphthalene 

23 

22 

19 

21 

8% 

1423 

C2"Naphthalene 

13 

10 

11 

11 

9% 

1509 

C3-Naphthalene 

9 

8 

7 

8 

8% 

1540 

C3~Naphthalene 

11 

10 

9 

10 

6% 

1712 

C/pNaphthalene 

12 

14 

12 

12 

6% 

1758 

DBT 

9 

9 

8 

9 

5% 

1860 

Cj-DBT 

16 

18 

16 

16 

6% 

1985 

— 

8 

9 

9 

9 

8% 

2008 

— 

9 

10 

10 

10 

7% 

2055 

— 

10 

11 

10 

10 

6% 

FRACTION  3  -  INTERCALIBRATION  RUNS 


SAMPLE  PIX05E050 


Resolved  hydrocarbons 

4 

243 

4 

Unresolved  hydrocarbons 

206 

244 

68 

TOTAL 

210 

268 

72 

133 


Table  4.  Abundance  of  selected  aromatics  relative  to  phenanthrene  for  inter- 
calibration. 


Rep! icate  No. 


1 


Mean 
4 


C.V. 
5 


Naphthalene  -not  resolved- 

Cx  naphthalene  "A"  2.03 

Cx  naphthalene  "B"  1.89 

TOTAL  Cx  Naphthalenes  (A+B)       3.92 


1.60  1.85  1.83  12 
1.49  1.73  1.70  12 
3.09   3.58   3.53    12 


Dibenzothiophene  (DBT) 

Cl  DBT  A 
Cl  DBT  B 
C1  DBT  C 
TOTAL  Cl   DBT  (A+B+C) 

Phenanthrene  (PHEN) 

Cx  PHEN  A 
Cx  PHEN  B 
Cx  PHEN  C 
Cx  PHEN  D 
TOTAL  C1  PHEN  (A+B+C +D) 


1.20 

1.27 

1.21 

1.22 

3 

2.50 

2.85 

2.65 

2.67 

7 

1.60 

1.76 

1.67 

1.68 

5 

0.76 

0.98 

0.92 

0.89 

13 

4.86 

5.59 

5.24 

5.23 

7 

1.00 

1.00 

1.00 

— 

— 

0.63 

0.77 

0.72 

0.71 

10 

0.93 

1.10 

1.17 

1.07 

12 

1.59 

1.80 

1.68 

1.69 

6 

0.86 

1.02 

1.05 

0.98 

10 

4.01 

4.69 

4.62 

4.44 

8 
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Figure  3. 


IXTOC-I   Campeche  oil    spill    cruise,   11-27   September  1979 
Expanded  wellhead   region. 

Green    (sediment  laden)    blue  water  front 

Spproximate  oil    plume  track 
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levels  of  petroleum  hydrocarbons  detected  and  the  predominance  of  hydrocarbons 
associated  with  the  particulate  phase. 

Several  explanations  can  be  offered  for  these  values.  First,  prior  to 
arriving  in  the  vicinity  of  the  IXTOC  blowout,  two  hurricanes  passed  through 
the  Gulf,  greatly  disturbing  the  bottom  and  its  overlying  water  column.  Exces- 
sive levels  of  resuspended  sediment  were  apparent  from  both  shipboard  and  heli- 
copter observations,  and  a  blue-green  oceanic  front  of  a  nearshore  boundary 
layer  of  suspended  sediment  was  clearly  evident  north  of  the  IXTOC  well  site 
(see  Figure  3)  and  in  the  near-coastal  water  along  the  entire  Bay  of  Campeche. 

During  all  of  the  near-well  and  near-plume  RESEARCHER  and  PIERCE  stations, 
the  water  was  a  light  turquoise/blue-green  in  color.  In  many  of  the  Bodega- 
Bodman  samples,  extremely  large  amounts  of  suspended  particulate  material  were 
recovered;  in  fact,  the  particulate  load  was  so  high  in  several  instances 
(e.g.,  RIX  07  and  RIX  11)  that  the  filter  pads  plugged  during  filtration  on  the 
first  40  liters  of  sample.  In  these  instances  the  filter  was  removed  and 
wrapped  in  foil,  and  a  second  filter  was  inserted.  Both  filters  were  later 
combined  for  extraction  and  analysis. 

Figure  6  presents  the  aliphatic  and  aromatic  fraction  chromatograms  from 
the  subsurface  and  near-bottom  dissolved  and  particulate  samples  obtained  at 
station  RIX  07.  This  station  was  near  the  northeast  edge  of  the  plume  in  an 
area  covered  by  a  light  to  moderate  sheen.  Heavily  oiled  areas  could  not  be 
investigated  directly  from  the  RESEARCHER  because  the  vessel's  saltwater 
intakes  were  located  just  below  the  water  line.  (The  G.  W.  PIERCE  was  able  to 
enter  the  areas  of  heavy  slick  and  mousse,  however,  so  subsurface  samples  were 
able  to  be  obtained;  the  results  of  those  analyses  are  presented  elsewhere.) 
Nevertheless,  the  near-plume  samples  in  the  chromatogram  shown  in  Figure  6 
illustrate  the  differences  in  dissolved  and  particulate-bound  oil  with  regard 
to  total  water  column  loading.  At  this  and  several  of  the  other  stations  it 
was  not  uncommon  to  observe  order-of-magnitude  higher  levels  of  hydrocarbons  in 
the  particulate  phase  relative  to  the  dissolved.  An  exception  to  this  was  sta- 
tion RIX  02,  just  to  the  north  of  the  Yucatan  Peninsula,  which  was  sampled  just 
before  Hurricane  Henri  passed  through  the  area. 

Our  data  suggest  that  once  the  oil  had  been  adsorbed  onto  particulates,  it 
was  then  subject  to  subsurface  horizontal  -and  vertical  advective  transport. 
Under  these  conditions  it  could  then  be  transported  a  considerable  distance 
before  eventually  settling  to  the  bottom.  In  several  cases  dissolved  and  par- 
ticulate-bound oil  were  found  where  surface  slicks  were  not  readily  apparent 
from  the  research  vessel,  and  in  one  instance  a  definite  subsurface  lens  (or 
"plume")  of  dissolved  and  particulate-bound  oil  was  detected  in  association 
with  a  very  strong  thermocline  and  halocline  at  mid-depth.  Some  of  the  highest 
measured  levels  of  dissolved  and  particulate  oil  were  obtained  at  station  RIX 
05,  located  to  the  northeast  of  the  wellhead;  however,  at  the  time  of  sampling 
only  a  slightly  visible  surface  sheen  was  observed  near  the  ship,  with  windows 
of  what  appeared  to  be  slick  or  light  sheen  surrounding  the  vessel.  Figure  7 
presents  the  STD  cast  data  from  stations  RIX  05,  RIX  07,  and  RIX  10.  Station 
RIX  05  was  occupied  around  midnight  GMT  on  16-17  September  while  there  was 
still  a  fairly  stable  and  stratified  water  column  (i.e.,  prior  to  the  mixing 
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effects  of  the  hurricanal  storm).  Clearly,  there  was  a  sharp  density  gradient 
at  approximately  12  to  16  meters.  Examination  of  the  data  in  Table  5  and  Fig- 
ure 4  reveals  a  significant  concentration  of  particulate-bound  oil  (2600  ng/L) 
in  the  subsurface  1-3  m  sample  and  close  to  background  levels  (less  than  150 
ng/L)  of  dissolved  and  particulate  oil  in  the  water  sampled  at  18  meters 
(approximately  5  m  below  the  density  gradient)  and  at  32  m  (5m  above  the  bot- 
tom). Elsewhere,  at  RIX  07  and  RIX  10,  there  was  no  clear  stratification  of 
the  water  column,  and  near-bottom  levels  of  particulate-bound  oil  were  elevated 
with  respect  to  the  subsurface  samples.  Both  of  these  stations  were  located  at 
the  edge  of  the  visible  plume  (north  and  south,  respectively)  after  Hurricane 
Henri  had  caused  complete  mixing  of  the  water  column.  It  is  not  possible  from 
our  data  to  determine  whether  or  not  the  near-bottom  levels  reflect  sinking 
particulate-bound  oil  or  resuspended  bottom  sediment  that  had  previously  been 
contaminated  with  IXT0C  oil. 

Concentration  abundance  of  the  n-alkanes  for  the  more  heavily  oiled  par- 
ticulate samples  is  illustrated  in  Figure  8.  The  common  trend  for  the  particu- 
late samples  is  the  increase  in  biogenic  hydrocarbons  (nCi^)  and  enhancement  of 
the  higher  paraffins  with  distance  from  the  well.  Whether  this  reflects  the 
removal  of  the  lower-molecular-weight  paraffins  with  distance  from  source  (dis- 
solution and  evaporation)  or  indicates  selective  adsorption  with  a  change  in 
particulate  type  (terrestrial  vs.  pelagic)  is  not  known.  It  should  be  noted 
that  in  addition  to  the  distributional  change  in  the  paraffins,  as  nC^  becomes 
more  prominent,  certain  prominent  biogenic  olefins  (K0VAT  2078,  2045,  and  2139) 
at  station  RIX  07  were  absent  from  RIX  10  and  RIX  05.  Furthermore,  the  polar 
fractions  (F-3)  of  stations  RIX  10  and  RIX  05  contained  increasingly  abundant 
Cja  fatty  acids  and  C^  fatty  acid  methyl  esters  (increases  of  100  ng/L),  also 
indicative  of  pelagic  sediments. 

Figure  9  shows  a  plot  of  the  saturate  concentration  (F-l)  versus  the  con- 
centration of  nC^  for  the  more  heavily  oiled  particulates.  It  is  readily 
apparent  that  a  rough  correlation  exists,  possibly  implying  that  the  concentra- 
tion of  nCjc  reflects  greater  biogenic  particulate  loading  and  associated  scav- 
enging of  oi  1 . 

As  the  RESEARCHER  cruise  track  moved  into  clear  waters  to  the  west  of  the 
IXTOC  blowout  site,  hydrocarbon  values  drastically  decreased,  as  illustrated  by 
the  dissolved  and  particulate  levels  in  Table  5  and  Figure  5. 

While  elevated  levels  of  hydrocarbons  were  found  in  water  samples  col- 
lected from  the  PIERCE  within  the  plume,  such  levels  were  not  observed  in  any 
of  the  samples  obtained  by  the  Bodega-Bodman  operations  aboard  the  RESEARCHER 
(out  of  the  plume  only).  Given  the  high  particulate  load  in  the  vicinity  of 
the  well,  it  is  not  unreasonable  to  speculate  that  most  of  the  oil  released  was 
scavenged  and  removed  by  primary  and  secondary  sedimentary  processes  before  it 
reached  the  sampling  locations  at  greater  distances  from  the  source.  Other 
researchers  (Gearing  et  al . ,  1979)  have  found  in  test-tank  studies  that  lower- 
molecular-weight  aromatic  compounds  (including  up  to  three-ring  aromatics)  tend 
to  partition  into  the  dissolved  phase  before  partitioning  onto  suspended  par- 
ticulate matter  (and  subsequently  sinking).  The  excessive  particulate  loads  in 
the  vicinity  of  the  well  at  the  time  of  our  sampling  may  have  altered  this 
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Figure  8A. 


Concentration  abundance  of  N-alkanes  in  particulates,  RIX  07 
near  bottom. 


t  8-1  (b) 


Figure  8B.  Concentration  abundance  of  N-alkanes  in  particulates,  RIX  10 
near  bottom. 
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Figure  8C 


Concentration  abundance  of  N-alkanes  in  particulates,  RIX  05 
near  bottom. 
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Figure  8D.  Concentration  abundance  of  N-alkanes  in  particulates,  RIX  05 
near  surface. 
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Figure  9.  Relationship  between  total  aliphatic  (F-l)  concentrations 
and  the  concentrations  of  nCj5  in  "OILED"  particulates  as 
a  function  of  biogenic  character. 
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usual  behavior.  Other  data  collected  in  this  study  (Payne  et  al . ,  1980)  sug- 
gest that,  in  fact,  lower-molecular-weight  aromatics  such  as  benzene,  toluene, 
ethyl  benzene,  and  xylenes  do  remain  in  the  water  column  at  exceedingly  high 
(1  ug/L)  levels  despite  the  high  particulate  loads  observed. 

Several  authors  (Gearing  et  al.,  1979;  Meyers  and  Quinn,  1973;  Wheeler, 
1978;  Winters,  1978;  Zurcher  and  Thuer,  1978;  Zurcher  et  al.,  1980)  have  also 
suggested  that  parti cul ate/oil  interactions  are  dominant  processes  in  the  ulti- 
mate disposition  of  petroleum.  The  density  of  seawater  is  such  that  only  lim- 
ited amounts  of  detrital  material  or  particulate  matter  are  required  to  cause 
sedimentation  of  several  times  their  volume  of  oil.  Differences  in  partition- 
ing of  the  particulate  material  also  appear  to  be  a  function  of  oil  composi- 
tion. The  chromatograms  in  Figure  6  illustrate  that  the  lower-molecular-weight 
aromatic  compounds  tend  to  predominate  in  the  dissolved  phase,  whereas  the 
higher-molecular-weight  materials,  including  polynuclear  aromatics,  tend  to 
associate  with  the  suspended  particulates.  Winters  (1978)  found  similar 
results  in  laboratory  studies  in  which  petroleum-derived  alkanes  were  approxi- 
mately ten  times  greater  in  the  particulate  fraction  than  were  the  aromatics. 
Conversely,  the  aromatic  compounds  were  at  least  five  times  more  concentrated 
in  the  dissolved  state. 


3.4  Higher-Molecular-Weight  Aromatic  Distributions  in  Crude  Oil,  Water  Fil- 
trate, Particulate,  and  Mousse  Samples 

The  GC-mass  spectral  data  from  the  aromatic  fractions  of  several  selected 
samples  were  obtained  so  that  information  regarding  the  distributional  changes 
of  aromatic  hydrocarbons  could  be  elucidated.  By  comparing  the  distributions 
of  aromatics  in  several  sample  types  (air,  water,  mousse),  the  direction  and 
possibly  the  degree  of  partitioning  of  aromatic  compound  suites  can  be 
addressed.  Specifically,  we  examined  the  occurrence  of  the  aromatic  compounds 
naphthalene,  fluorene,  dibenzothiophene,  and  phenanthrene  and  their  mono- 
through  tetra-alkyl  homologs.  Data  for  the  crude  oil  and  mousse  flakes  from 
station  PIX  13  (about  18  miles  from  the  wellhead)  are  illustrated  in  Figure  10. 
The  aromatic  abundance  plots  indicate  that  the  majority  of  the  naphthalenes  in 
the  crude  have  been  removed  and  that  the  dominant  aromatic  suite  consists  of 
the  dibenzothiophenes.  This  trend  is  similar  to  that  observed  by  Calder  (1979) 
in  the  AMOCO  CADIZ  spill. 

Figure  11  also  shows  that  the  abundance  maximum  for  each  aromatic  type  is 
shifted  by  one  carbon  number  between  the  crude  oil  and  the  mousse  sample.  For 
example,  in  the  crude  oil,  the  dominant  homologs  for  fluorene  are  C-l,  whereas 
in  the  mousse  they  are  C-2;  similar  trends  occur  for  the  other  aromatic  com- 
pound suites  studied.  Also,  the  relative  abundances  of  the  alkyl -substituted 
benzenes  for  both  crude  and  mousse  were  plotted  as  a  function  of  carbon  number 
(Figure  12).  In  contrast  to  the  multi -ringed  aromatics  that  shifted  one  car- 
bon, the  alkyl  benzenes  appear  to  have  shifted  three  carbons  toward  the  higher 
homologs,  with  an  almost  total  depletion  of  those  consituents  lighter  than 
C^-substituted  benzenes. 
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Figure  10.  Relative  abundance  of  PNA's  in  IXTOC  crude  oil  (top)  and  mousse 
flakes  (bottom). 
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Figure  11.  Comparison  of  the  distribution  of  aromatic  hydrocarons  for 
mousse,  crude  oil,  and  a  water  filtrate. 
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Three  water  filtrates  and  one  particulate  were  analyzed  for  their  aromatic 
distributions.  In  all  cases  no  appreciable  alkyl  benzenes  were  detected,  and 
in  the  particulate  sample  (station  RIX  07,  near-bottom),  the  only  aromatic 
series  identified  was  the  phenanthrenes.  Figure  13  summarizes  the  aromatic 
distributions  as  a  function  of  carbon  number  for  the  filtrates,  mousse,  and 
crude  oil  samples  with  the  abundance  of  the  individual  aromatic  types  shown  in 
Figure  14.  The  high  naphthalene  content  in  the  bottom  water  filtrate  from  sta- 
tion RIX  07  is  likely  due  to  its  proximity  to  the  plume  and  wellhead  relative 
to  che  more  distant  station  (RIX  04)  and  the  station  south  of  the  well  (RIX  11, 
which  contained  the  lowest  relative  abundance  of  naphthalenes  for  the  water 
filtrates  examined).  The  depletion  at  RIX  11  is  probably  due  to  its  location 
well  outside  of  the  path  of  plume  transport,  rather  than  its  distance  from  the 
source. 

The  concentration  data  for  mousse  samples  collected  from  the  PIERCE  (sta- 
tions PIX  11  and  PIX  13)  and  those  from  a  beached  mousse  sample  (RIX  23)  are 
listed  in  Table  6.  The  concentration  differences  in  most  of  the  samples  appear 
to  be  a  function  of  water  content  and/or  detrital  dilution  (e.g.,  by  sand). 

Although  stations  PIX  11  and  PIX  13  were  located  in  the  oil  plume,  certain 
of  their  samples  (PIX  11-4  and  PIX  13-5)  contained  a  relatively  high  proportion 
of  saturated  components  (i.e.,  a  saturate/aromatic  ratio  greater  than  5).  This 
depletion  in  aromatic  constituents  could  indicate  excessive  weathering;  how- 
ever, more  likely  it  may  indicate  non-IXTOC  oil  (or  possibly  even  oil  that  had 
been  treated  with  a  dispersant). 

The  distribution  of  n-alkanes  relative  to  nC™  is  shown  in  Figure  15  for 
the  crude  oil,  beached  mousse,  and  mousse  collected  at  PIX  13.  It  is  clearly 
evident  that  within  18  miles  of  the  well  site  a  majority  of  the  paraffins 
(approximately  40-50%)  have  been  removed  by  evaporation  and  dissolution. 

Figure  16  illustrates  a  plot  of  the  concentration  of  hydrocarbons  as  a 
function  of  depth  in  a  beached  mousse  "log"  collected  at  RIX  23  about  480  miles 
from  the  wellhead.  Included  in  Figure  16  are  ratios  of  the  concentration  of 
total  saturate  to  total  aromatic  hydrocarbons.  The  concentrations  are  lower 
and  saturate  enrichment  is  greater  for  those  samples  nearest  the  air/mousse 
interface;  however,  it  is  not  clear  whether  the  concentration  differences  are 
due  to  differential  weathering  or  to  detrital  dilution  from  entrained  sand. 
Interestingly,  the  total  n-alkane-to-C^o  character  of  the  PIX  13  (18  miles  from 
well  site)  suggests  that  very  little,  if  any,  additional  chemical  weathering 
occurred  to  the  material  as  it  traveled  and  agglomerated  into  the  larger 
log. 

Table  7  lists  ratios  of  nC25/nCig,  nC25/nCjc,  and  phytane/nC^g  with  depth 
into  the  RIX  23  mousse  log.  Excluding  sample  RIX  23-02,  there  is  a  general 
trend  of  light  paraffin  removal  at  the  fringes  of  the  mousse  log,  but  very  lit- 
tle microbial  degradation  (i.e.,  phytane/nC^g  is  constant).  The  only  anomalous 
sample  is  RIX  23-02,  which  shows  much  more  extensive  weathering  of  the 
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Figure   13. 


Relative  abundance  plots  of  total  PNA's  (naphthalenes,  fluo- 

renes,  dibenzothiophenes ,  and  phenenthrenes)  for  the  GCMS 

analyses  of  mousse,  crude  oil,  and  particulates  (top)  and  water 
filtrate  (bottom). 
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Figure  15.  Abundance  of  N-alkanes  relative  to  nC2o>  in  beached  mousse  ( R23 ) , 
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Figure  16.  Hydrocarbon  concentration  relative  to  depth  into  (below  the 
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Table  7.  Selected  component  ratios  for  a  dissected  mousse  sample  at 
station  RIX  23. 


Sample 

Depth 
Below  Skin 

nC25/nC 

16 

nC25/nC^g 

Phytane/nCjg 

01 

surface  3  mm 

3.1 

0.66 

0.46 

02 

3-8  mm 

4.3 

1.05 

0.42 

03 

8-13  mm 

2.6 

0.63 

0.46 

04 

16-23  mm 

2.3 

0.61 

0.44 

05 

— 

Weeds 



06 

5-10  m  from 
bottom 

2.4 

0.69 

0.44 

07 

bottom  5  mm 

2.9 

0.79 

0.46 

*01  represents  the  sample  from  the  air/mousse  interface  and  07  that 
from  the  sand/mousse  interface. 
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paraffins  than  the  other  samples.   This  is  difficult  to  explain,  but  it  may 
involve  different  "histories"  of  mousse  formation. 


4.   CONCLUSIONS 


In  examining  the  data  from  this  study,  we  must  consider  the  impact  caused 
by  the  passage  of  Hurricane  Henri  across  the  Yucatan  shelf  several  days  before 
our  sampling  began.  Conditions  were  drastically  changed  by  this  storm,  and 
extremely  high  suspended  particulate  loads  were  noted  from  both  helicopter 
overflights  and  the  vessels  RESEARCHER  and  G.  W.  PIERCE.  A  prevailing  light 
turquoise-green  water  color  extended  from  north  of  the  wellhead,  into  the  Yuca- 
tan shelf  and  along  the  southern  coast  of  the  Bay  of  Campeche,  and  into  the 
eastern  Gulf.  On  several  occasions  floating  oil  or  patches  of  mousse  were 
observed  along  the  blue-green  front  of  the  particulate-loaded  water  and  the 
(more  seaward)  clear  oceanic  water.  Presumably  because  of  turbulent  mixing, 
most  of  the  surface  oil  remnant  that  would  be  expected  from  the  blowout  had 
sunk  by  the  time  we  arrived  at  the  wellhead;  the  observable  slick  extended  for 
only  about  36  miles  (see  Figure  3).  These  conditions  are  in  contrast  to  those 
found  earlier  in  the  summer  when  surface  oil  was  contaminating  much  of  the 
western  Gulf  of  Mexico  from  the  Bay  of  Campeche  to  the  south  Texas  coast. 

Extremely  low  levels  of  hydrocarbons  were  consistently  found  in  the  dis- 
solved and  particulate  samples  collected  in  the  vicinity  of  the  well.  In  fact, 
the  total  hydrocarbon  burdens  encountered  appear  similar  to  those  that  have 
been  previously  reported  from  more  pristine  environments  (Payne  et  al.,  1978; 
de  Lappe  et  al ,  1979;  Brown  and  Huffman,  1976).  In  contrast  to  the  quite  low 
dissolved  higher-molecular-weight  hydrocarbon  concentrations,  monocyclic  and 
lower-molecular-weight  alkyl -substituted  aromatics  were  found  at  relatively 
high  concentrations  in  the  plume  and  in  the  outside  waters  surrounding  the 
wellhead.  Generally,  aromatic  levels  in  the  range  of  40  to  80  ug/L  were  found 
under  the  plume  and  3-4  ug/L  levels  were  observed  in  the  clear  water  surround- 
ing it.  Background  levels  of  aromatic  hydrocarbons,  specifically  benzene,  tol- 
uene, and  xylenes  were  also  found  in  the  ng  to  low  ug/L  range  elsewhere  in  the 
Gulf. 

We  believe  that  the  extremely  low  levels  of  dissolved  and  particulate 
hydrocarbons  found  in  the  vicinity  and  to  the  east  of  the  well  site  were  due  to 
rapid  adherence  of  oil  onto  the  particulates.  As  noted,  particulate  loads  were 
extremely  high  at  the  time  of  our  sampling,  and  the  oil  that  had  initially  been 
in  solution  could  have  been  readily  scavenged  and  sedimented.  RIX  stations  05, 
07,  and  10  clearly  show  much  higher  particulate  burdens  compared  to  the  dis- 
solved phase.  Certainly,  a  great  deal  of  the  fresh  oil  that  was  being  released 
at  the  wellhead  was  probably  being  adsorbed  onto  particulates  as  it  moved  away. 
Interestingly,  Boehm  and  Fiest  (1980)  found  relatively  low  levels  of  sediment- 
bound  hydrocarbons  at  the  time  of  the  RESEARCHER/PIERCE  sampling,  most  likely 
due  to  the  extensive  bottom  material  resuspension  from  the  severe  storm  activ- 
ity. Also,  it  is  possible  that  the  surface  sediment/oil  layer  could 
have  been  disturbed  and  lost  during  the  Smith-Mclntyre  grab  sampling  opera- 
tions, and  this  would  result  in  lower-than-expected  oil  levels. 
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Figure  4  shows  particul ate-to-dissolved  ratios  in  the  vicinity  of  the 
wellhead  to  range  from  10:1  to  100:1.  Similarly,  Gearing  et  al.  (1979) 
reported  that  the  lower  aromatic  fractions  specifically  partitioned  into  the 
water  column,  whereas  the  higher-molecular-weight  aliphatic  and  aromatic  com- 
pounds partitioned  onto  the  suspended  particulate  material.  Also,  the  ratio  of 
aromatics-to-al iphatics  in  the  sediments  was  much  less  than  that  in  the  parent 
oil.  They  found  from  2  to  34%  of  the  higher-molecular-weight  aliphatic,  acyc- 
lic, and  three-ring  aromatic  compounds  in  the  suspended  particulate  material, 
while  only  about  0.1%  of  naphthalenes  and  methyl  naphthalenes  appeared  in  that 
phase   (the  naphthalenes  were  the  dominant  compounds   in  the  starting  oil). 

Winters  (1978)  examined  two  simulated  oil  spills  and  the  distribution  of 
alkanes  and  aromatic  standards  on  particulates  in  spill -tank  tests.  He  found 
the  alkane  concentration  to  be  ten  times  greater  in  the  particulates  and  the 
aromatic  fraction  partitioning  to  ten  times  greater  in  the  dissolved  phase. 
The  parent  aromatics  and  the  mono-methyl  aromatics  were  particularly  enriched 
in  the  aqueous  phase,  while  those  of  higher  aliphatic  character  were  skewed 
toward  the  particulate  load.  A  similar  partitioning  phenomenon  was  observed  by 
Parker  and  Macko  (1978)  in  coastal  waters  where  they  conducted  a  transect  per- 
pendicular from  the  Texas  coast  into  the  western  Gulf,  as  part  of  the  STOCS 
program  sponsored  by  BLM.  The  higher-molecular-weight  alkane  and  polynuclear 
aromatic  compounds  on  the  particulates  appeared  to  be  enriched  relative  to  the 
lower-molecular-weight  compounds,  apparently  as  they  drifted  farther  from  the 
shore  and  their  presumed  source. 

De  Lappe  et  al.  (1980)  also  observed  differential  partitioning  with 
respect  to  molecular  species  onto  particulates  in  near-coastal  waters. 
N-alkanes  and  branched  al iphatics  in  the  range  of  C22  "to  C35  tended  to  be  asso- 
ciated with  the  suspended  particulate  material,  whereas  n-alkanes  in  the  range 
of  C12  to  Coo  were  skewed  toward  the  dissolved  phase.  Similar  partitioning  of 
low-  and  nigh-molecular-weight  chlorinated  hydrocarbon  species  has  been 
reported  by   Risebrough     et  al.    (1976)   and  Dexter  and  Pavlou   (1978). 

Other  investigators  have  demonstrated  that  the  nature  of  the  particulate 
matter  is  also  critical  in  the  dissolution-particulate  partitioning  process. 
Myers  and  Quinn  (1973)  studied  the  adsorption  efficiency  of  a  variety  of  min- 
eral types  with  No.  2  fuel  oil,  finding  that  for  particulates  of  44  urn  (diame- 
ter), adsorption  efficiency  was  found  to  decrease  in  the  order:  bentonite>kao- 
1 inite>ill ite>montmorilloni te.  They  also  noted  that  the  GC-resolved  hydrocar- 
bon species  tended  to  associate  with  particulates  more  effectively  than  the 
more  polar  materials  typical  of  the  GC-unresol ved  complex  mixture.  When  sedi- 
ment from  Narragansett  Bay  was  treated  with  30%  peroxide  to  remove  humic  sub- 
stances, its  adsorption  efficiency  was  increased  by  a  factor  of  three,  which 
led  to  the  conclusion  that  the  removal  of  a  particle's  organic  coating  frees  up 
"active"  sites.  Suess  (1968),  on  the  other  hand,  suggested  that  a  3-4%  lipo- 
philic coating  may   increase  oil   coating  onto  particulates. 

Zurcher  and  Thuer  (1978)  conducted  a  comprehensive  laboratory  study  in 
which  the  dissolution,  suspension,  agglomeration,  and  particulate  adsorption  of 
oil  were  studied  under  experimental  conditions  that  minimized  evaporative  loss. 
They  used  kaolinite  as   a   substrate   and  a   fuel    oil    of  molecular   distribution   in 
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the  benzene-to-nC24  range.  Using  infrared  spectrometry  and  gas  chromatography, 
they  demonstrated  that  the  lower-molecular-weight  aromatics  between  benzene  and 
methyl  naphthalene  remained  dissolved  in  the  water  column  and  that  the  particu- 
late fraction  adsorbed  most  of  the  hydrocarbons  in  the  nCj^  to  nC^o  range. 
When  the  oil  was  agitated  vigorously,  an  agglomeration  formed  as  the  oil- 
enriched  particulates  rapidly  entrained  more  oil  as  droplets.  This 
oil/particul ate  agglomeration  then  settled  rapidly  when  the  agitation  was 
discontinued  and  the  gas  chromatographic  profile  of  the  oil /particulate  phase 
was  extremely  characteristic  of  the  original  oil.  Following  this  treatment, 
however,  the  ligher  aromatics  were  found  still  to  be  in  solution;  specific 
components  included  benzene,  toluene,  ethylbenzene,  (o,  m,  p)-xylene,  C-3  and 
C-4  benzenes,  and  naphthalenes. 

From  Zurcher  and  Thuer's  experiments,  it  was  estimated  that  a  total  of  200 
mg  of  oil  could  be  scavenged  by  one  kg  of  dry  kaolinite  in  approximately  ten 
hours.  In  further  studies,  they  found  that  this  load  did  not  increase  in  a 
period  of  up  to  100  hours.  A  similar  value  of  162  mg  oil  per  kg  for  dry  kao- 
linite was  reported  by  Meyers  and  Quinn  (1973).  When  agitation  of  the  oil/par- 
ticul ate/water  mixture  was  incorporated  into  Zurcher  and  Thuer's  experiment, 
the  oil  droplets  became  dispersed  in  the  mixture  of  oil/kaol inite  agglomerates 
and  rapidly  settled  to  the  bottom.  The  loading  (or  oil  removal)  for  this 
agglomerated  mixture  increased  up  to  20  g  oil  per  kg  of  dry-weight  clay  (a  fac- 
tor of  100  over  that  simply  removed  by  adsorptive  processes).  Data  generated 
by  Nelsen  (1980)  clearly  demonstrate  that  kaolinite  was  one  of  the  major  miner- 
als present  in  the  resuspended  sediment  in  the  vicinity  of  the  IXT0C-I  well 
site. 

Even  higher  values  of  suspended  oil/particulate  loading  were  estimated  by 
Bassin  and  Ichiye  (1977).  Using  southern  Louisiana  crude  oil,  they  found  that 
oil  and  suspended  particulate  material  could  form  spontaneous  flocculations  of 
colloids  or  colloidal  electrolytes  in  the  presence  of  dissolved  salts.  They 
reported  that  the  oil  coated  the  clay  with  a  thin  film  that  disrupted  the  elec- 
trolytic interaction  between  the  charged  clay  particle  and  the  surrounding 
waters.  This  resulted  in  an  overall  rapid  flocculation  of  "oiled"  particulate 
material,  and  they  reported  that  between  250  and  3000  grams  of  oil  could  be 
taken  up  per  kg  of  clay.  Their  studies  also  showed  that  rapid  flocculation 
would  lead  to  entrapment  of  oil,  similar  to  the  results  reported  by  Zucher  and 
Thuer.  The  floccules  formed  during  these  rapid  formations  had  extremely  coarse 
structures,  and  because  of  oil  incorporation  they  were  lighter  than  antici- 
pated, leading  to  a  longer  residence  time  in  the  water  and  subsequently  to 
greater  dispersion.  Similar  observations  were  made  at  the  time  of  the  IXT0C 
sampling  as  oil/clay,  cornflake,  or  snowflake  floccules  were  found  at  great 
distances  from  the  well. 

Mai  inky  and  Shaw  (1979)  have  suggested  that  perhaps  particulate  adsorption 
of  oil  is  not  the  major  means  of  removal;  however,  their  study  was  conducted 
with  glacial  sediments,  which  are  low  in  carbonates  and  organic  carbon.  In 
southern  Alaska,  ambient  particulate  levels  as  high  as  1  g/L  are  typical,  and 
Mai  inky  and  Shaw  were  interested  in  determining  whether  this  condition  would  be 
an  effective  mechanism  for  oil  removal.  In  a  study  using  C-14-labeled  decane 
and  biphenyl  at  near-saturation  levels,  they  found  that  only  30  percent  (by 
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weight)  partitioned  into  the  clay.  The  results  of  our  work  and  others,  how- 
ever, suggest  that  the  molecular  weights  of  decane  and  biphenyl  are  too  low  to 
be  representative  of  the  types  of  compounds  that  should  be  expected  to  readily 
adsorb  onto  particulates.  Further,  their  study  involved  no  agitation,  so  it  is 
not  directly  comparable  to  the  results  of  Zurcher  and  Thuer  or  to  the  field 
data  obtained  in  the  IXTOC-I   study. 

All  of  the  laboratory  studies  mentioned,  as  well  as  field  observations  in 
previous,  more  confined  situations,  tend  to  support  our  findings  from  the 
IXTOC-I  study.  That  is,  a  major  storm  can  be  expected  to  generate  high  levels 
of  resuspended  sediment,  which  in  turn  will  readily  scavenge  the  more  insolu- 
ble, higher-molecular-weight  hydrocarbons.  This  scavenging  then  affects  subse- 
quent dispersion  and/or  agglomeration,  depending  on  the  mixing  forces  at  work. 
The  more  soluble,  lower-molecular-weight  aromatics,  on  the  other  hand,  tend  to 
undergo  rapid  dissolution.  An  interesting  comparison  could  be  made  by  sampling 
the  IXTOC-I  area  at  a  subsequent  time.  A  survey  of  water,  particulate,  and 
sediment  loads  should  explain  a  great  deal  relative  to  the  ultimate  fate  of  the 
spilled  oil . 
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ABSTRACT 


Concentrations  of  oil  were  measured  in  seawater  in  the 
vicinity  of  the  blowout  of  the  exploratory  well  IXTOC-I 
located  in  the  Bay  of  Campeche  (Gulf  of  Mexico)  during  the 
month  of  September  1979.  Seawater  samples  from  more  than  20 
stations  located  within  100  km  of  the  blowout  were  analyzed 
aboard  ship  for  petroleum  hydrocarbons  by  synchronous 
fluorescence  spectroscopy.  Concentrations  of  oil  ranged 
from  5  yg/L  at  a  distance  of  80  km  to  10,600  yg/L  within 
several  hundred  meters  of  the  blowout.  A  subsurface  plume 
of  oil  droplets  suspended  in  the  top  20  m  of  the  water 
column  extended  25  km  to  the  northeast  of  the  blowout.  The 
physical  processes  which  might  be  controlling  the  behavior 
of  the  oil  in  the  plume  are  discussed. 
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1.   INTRODUCTION 

A  significant  part  of  the  oil  released  to  the  marine  environment  from  a 
tanker  spill  or  a  well  blowout  may  be  retained  and  dispersed  in  the  water 
column.  The  relative  amount  of  oil  which  resides  in  the  water  column  is  a 
function  of  a  number  of  factors,  including  the  chemical  and  physical  nature  of 
the  oil,  the  point  of  release,  the  sea  surface  turbulence,  and  other 
hydrographic  conditions.  During  an  undersea  well  blowout,  very  favorable 
conditions  exist  for  retention  and  transport  of  particulate,  dispersed,  and 
dissolved  oil  in  the  water  column.  For  example,  the  turbulent  subsurface 
release  of  the  oil  is  expected  to  enhance  the  formation  of  small  droplets  of 
oil.  These  droplets  can  be  retained  in  the  water  column  for  a  period  of  time 
during  which  ocean  currents  can  carry  them  away  from  the  blowout.  The 
formation  of  droplets  increases  the  surface  area  of  the  oil,  thereby 
increasing  the  rates  of  physical/chemical  and  biological  processes  such  as 
dissolution  and  microbial  attack.  Measurements  of  the  concentrations  of  oil 
in  seawater  are  important  for  assessing  the  potential  impact  on  marine 
organisms  and  for  predicting  the  dispersion  and  weathering  pattern  of  the  oil. 

Concentrations  of  hydrocarbons  in  seawater  have  been  measured  in  coastal 
water  following  oil  spills  (Grahl-Nielsen,  1978;  Grosse  and  Mattson,  1977; 
Levy,  1971;  Boehm  et  al.,  1978;  Boehm,  1979;  Calder  et  al.,  1978)  in  oil 
spill  test  tanks  (Gordon  et  al.,  1976)  and  in  uncontaminated  seawater 
(Gordon  et  al.,  1974;  Berryhill,  1977;  Brown  et  al.,  1973).  Reported 
concentrations  generally  are  <  1  ug/ L  f or  "clean"  open  ocean  seawater,  2-100 
ug/L  for  oil  spills  in  nearshore  environments,  and  100-800  pg/L  in  heavily 
polluted  urban  environments  (e.g.,  Boston  Harbor).  Prior  to  this  study  of  the 
IXT0C-I  blowout,  few  measurements  of  oil  concentrations  in  the  vicinity  of  a 
well  blowout  had  been  reported.  The  notable  exceptions  are  those  reported  by 
Mackie  et  al.  (1978)  and  Grahl-Nielsen  (1978),  after  the  Ekofisk  blowout  in 
the  North  Sea,  and  Brooks  et  al.  (1978),  after  a  gas  well  blowout  in  the 
northwestern  Gulf  of  Mexico. 

The  exploratory  well  IXT0C-I,  located  in  48  m  of  water  80  km  northwest  of 
Ciudad  del  Carmen,  Mexico,  in  the  Bay  of  Campeche  (Gulf  of  Mexico),  blew  out 
on  June  3,  1979.  Estimates  of  the  rate  of  release  of  oil  during  the  first 
four  months  range  from  10,000  to  30,000  barrels  per  day  (0SIR,  1980).  The  oil 
slick  was  transported  to  the  north  and  west  of  the  well  from  June  until  early 
September  1979.  However,  in  mid-September,  a  shift  in  prevailing  currents 
transported  the  spilled  oil  to  the  east  and  south  of  the  platform.  Floating 
booms  and  oil  dispersants  were  used  periodically  in  the  vicinity  of  the 
blowout  to  mitigate  the  impact  of  the  oil.  A  continuous  fire  at  the  blowout 
site  consumed  an  unknown  fraction  of  the  gaseous  and  volatile  components  of 
the  oil.  The  liquid  portion  of  the  oil  underwent  emulsif ication  with  seawater 
either  during  or  subsequent  to  its  release  to  the  water  column. 

The  data  presented  here  were  collected  as  part  of  a  NOAA-sponsored  study 
of  the  IXT0C-I  well  blowout.  Scientists  aboard  the  ships  R/V  RESEARCHER  and 
C/V  PIERCE  conducted  a  research  cruise  in  the  western  Gulf  of  Mexico  from 
September  11  to  October  3,  1979.  While  samples  were  being  collected  near  the 
well,  no  booming  or  dispersant  spraying  operations  were  being  conducted. 
Hurricane  Henri  passed  near  the  we'll  on  September  15-16  and  caused  extensive 
flooding  in  adjacent  onshore  areas  and  subsequent  freshwater  runoff.  The 
station  locations  are  shown  on  the  chart  of  the  study  area  (Figure  1);  they 
are  oriented  for  the  most  part  along  the  observed  axis  of  the  surface  oil 
plume.  171 
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2.   EXPERIMENT 

Samples  from  the  immediate  vicinity  of  the  IXTOC-I  blowout  were  collected 
between  September  14  and  21,  1979.  Seawater  was  collected  with  a  10-liter 
Teflon-lined  GO-FLO  Sampler  (General  Oceanics),  a  30-liter  glass  Bodman  bottle 
(Gagosian  et  al.,  1979),  a  90-liter  aluminum  Bodega  Bodman  bottle  (Payne  et 
al.,  1977),  or  a  submersible  pumping  system.  The  pumping  system  consisted  of 
a  submersible  pump  (Cole  Parmer  Model  7111:  nylon  impeller,  silicone  rubber 
gaskets,  Viton  seals)  and  2-m  sections  of  stainless  steel  tubing  (0.5-inch 
O.D.  type  903)  connected  with  0.5-m  flexible  stainless  steel  joints  and 
stainless  steel  quick  connects  (Swagelock:  Viton  seals).  Immediately 
following  collection,  a  1-liter  sample  was  drawn  from  each  sampler,  preserved 
with  100  ml  of  dichloromethane  (Burdick  and  Jackson,  UV  grade)  and  stored  at 
ambient  temperature  awaiting  extraction. 

The  unfiltered  water  sample  was  transferred  to  a  1-liter  separatory 
funnel  and  extracted  three  times  with  50  ml  of  dichloromethane.  At  a  few 
stations,  the  seawater  collected  by  the  pumping  system  was  pressure  filtered 
through  a  142-mm,  0.45-y  glass  fiber  filter  held  in  a  stainless  steel  filter 
holder  (Mi  1 1 i pore)  prior  to  extraction.  The  solvent  extract  was  dried  over 
sodium  sulfate,  transferred  to  a  Kuderna-Danish  apparatus,  and  concentrated  to 
1  ml.  The  dichloromethane  was  displaced  by  repeatedly  adding  hexane  (Burdick 
and  Jackson,  UV  grade)  and  evaporating  under  a  stream  of  purified  nitrogen. 

The  hexane  extracts  were  analyzed  for  petroleum  hydrocarbons  using  a 
synchronous  fluorescence  spectroscopy  technique  (Wakeham,  1977;  Gordon  and 
Keizer,  1974).  In  summary,  a  measured  aliquot  of  the  sample  extract  was 
dissolved  in  a  known  volume  of  hexane.  The  intensity  of  the  fluorescence 
emission  was  measured  from  250  to  500  nm  while  synchronously  scanning  at  an 
excitation  wavelength  25  nm  shorter  than  the  wavelength  at  which  the  emission 
was  measured.  This  technique  measures  aromatic  hydrocarbons  with  a  two  to 
five-ring  aromatic  structure  (Lloyd,  1971).  The  analysis  was  done  on  board 
the  R/V  RESEARCHER  using  a  Farrand  Mark  I  spectrof luorometer  equipped  with 
corrected  excitation  and  emission  modules.  The  instrument  conditions  were  as 
follows:  excitation  slit  -  2.5  nm,  emission  slit  -  5.0  nm,  scan  speed  -  50  nm 
per  minute,  sample  cell  -  single  10  mm  non-f luorescing  quartz  cell. 

The  intensities  of  the  fluorescence  spectra  were  measured  at  several 
wavelengths  which  correspond  to  peak  maxima  present  in  an  IXTOC-I  reference 
oil  sample.  The  fluorescence  spectra  were  converted  to  relative  concentration 
units  by  comparing  the  peak  height  at  312  nm  to  that  of  a  No.  2  fuel  oil 
standard  (API  Reference  No.  2).  The  No.  2  fuel  oil  is  comprised  primarily  of 
two-ring  aromatics  which  are  responsible  for  the  fluorescence  in  the  312-nm 
region  of  the  spectra. 

The  concentrations  of  oil  in  No.  2  fuel  oil  equivalents  were  converted  to 
absolute  concentrations  by  multiplying  by  a  factor  of  2.30.  This  factor  was 
determined  from  a  linear  regression  of  oil  concentrations  in  No.  2  fuel  oil 
equivalents  versus  concentrations  measured  by  gravimetry  using  a  Cahn 
electrobalance.  The  samples  used  for  this  calibration  had  gravimetric 
concentrations  of  oil  which  ranged  from  74  to  1700  yg/L  by  gravimetry.  The 
fluorescent  material  in  samples  with  low  concentrations  (<  20  yg/L)  differs 
chemically  from  the  material  in  the  samples  used  for  the  regression.  Although 
a  lower  conversion  factor  should  have  been  used  because  of  this  discrepancy, 
none  is  available  from  existing  data  and  the  same  conversion  factor  was  used 
for  all  calculations. 


3.   RESULTS 


The  concentrations  of  oil  in  the  water  column  ranged  from  values  of  less 
than  5  ug/L  at  a  distance  of  80  km  from  the  blowout  to  peak  values  of  10,600 
ug/L  within  a  few  hundred  meters  of  the  blowout.  The  highest  concentrations 
were  observed  within  25  km  of  the  blowout  in  the  top  6  m  of  the  water 
column.  The  higher  values  reported  here  may  be  an  underestimate,  since  some 
oil  was  visibly  adsorbed  onto  the  walls  of  the  bottle  samplers  during  sampling 
in  the  plume. 

The  concentration  data  are  summarized  in  Figure  2,  which  is  a  contoured 
vertical  cross  section  of  the  oil  concentrations  along  the  plume  axis. 
Elevated  concentrations  of  oil  occurred  40  km  to  the  northeast  of  the  well. 
At  distances  greater  than  40  km  to  the  northeast  and  2  km  to  the  south  and 
west,  concentrations  were,  with  a  few  exceptions,  less  than  5  ug/L.  The 
northeastern  orientation  of  the  oil-contaminated  seawater  plume  coincided  with 
the  observed  direction  of  movement  of  the  surface  plume  of  oil.  However, 
emulsified  oil  was  observed  floating  on  the  ocean  surface  at  distances  greater 
than  the  apparent  extent  of  the  oil-contaminated  seawater  plume,  whereas, 
surface  oil  was  found  80  km  or  more  to  the  northeast  of  the  well;,  elevated 
concentrations  of  oil  in  the  water  column  were  limited  to  within  40  km.  It  is 
apparent  that  somewhat  dissimilar  processes  are  controlling  the  transport  of 
surface  and  subsurface  oil. 

Several  distinct  spectral  patterns  were  observed  among  the  samples  that 
were  collected  (Figure  3).  Samples  containing  low  concentrations  (<  5  ug/L) 
had  a  spectrum  with  a  single  fluorescence  peak  at  308  nm  (Type  A).  This 
spectrum  results  from  either  background  fluorescent  material  in  seawater  or 
low-level  contaminants  from  the  sample  workup.  Samples  with  concentrations 
from  5  to  20  ug/L  had  a  single  peak  spectrum  with  a  peak  maximum  at  312  nm 
(Type  B).  This  peak  results  from  a  predominance  of  petroleum-derived,  two- 
ring  aromatics  which  fluoresce  from  310  to  330  nm  (Lloyd,  1971).  As  discussed 
below,  this  spectral  type  reflects  the  selective  dissolution  by  seawater  of 
two-ring  aromatics  from  the  whole  oil  released  from  the  blowout.  Spectral 
Type  D  is  characterized  by  a  series  of  flourescent  peaks  at  312  nm,  328  nm, 
355  nm,  and  405  nm.  This  spectrum  was  predominant  for  samples  with 
concentrations  greater  than  20  ug/L.  The  series  of  peaks  results  from  two-, 
three-,  four-,  five-  and  larger-ring  polycyclic  aromatic  compounds  (Lloyd, 
1971).  Type  D  spectra  were  similar  to  spectra  of  the  whole  oil  collected  from 
surface  mousse  samples. 

At  a  few  stations,  samples  of  both  whole  seawater  and  filtered  seawater 
through  a  0.45-um  glass  fiber  filter  from  the  same  depth  were  analyzed.  At 
stations  with  low  concentrations  of  oil  (PIX  01,  PIX  02,  and  PIX  14),  no 
systematic  differences  between  the  filtered  and  unfiltered  samples  were 
found.  However,  at  Station  PIX  08,  the  concentrations  of  oil  in  the  filtered 
samples  were  21  and  28%  of  the  concentrations  in  unfiltered  samples  collected 
at  6  and  16  m,  respectively  (Table  1).  In  both  cases,  the  spectrum  of  the 
filtered  sample  was  depleted  in  the  three-  to  five-ring  region  compared  to  the 
unfiltered  sample. 

The  distinction  between  the  three  spectral  types  was  confirmed  by  glass 
capillary  gas  chromatography  analysis  (Boehm  and  Fiest,  this  symposium).  The 
saturated  (fj)  and  unsaturated  (f2)  fractions  of  samples  with  Type  D,  whole 
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Figure  3.     Representative  synchronous  fluoresence  spectra  of  seawater  samples 
collected  near  the  IXTOC-I   blowout. 
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Table  1.  Concentrations  of  oil  in  filtered  versus  unfiltered  water  samples 

Concentration  (ng/L) 

Depth    Unfiltered    Filtered    Filtered/ 
Station (m)  Sample Sample Unfiltered 

PIX  08      6        416         87        0.21 

16        133         37        0.28 
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oil,  spectra  contained  petroleum  hydrocarbons  in  a  boiling  range  equivalent  to 
that  of  <  n-CiQ  to  n-C3Q  (Figure  4).  The  glass  capillary  gas  chromatogram  of 
the  ^2  confirmed  the  presence  of  polycyclic  aromatic  hydrocarbons  (PAH)  with 
two  to  five  rings.  Normal  alkanes  from  <  n-C^o  to  n-C34  and  a  low-boiling 
unresolved  complex  mixture  predominated  in  the  f^.  Samples  with  Type  B, 
dissolved  oil,  spectra  contained  predominantly  substituted  one-  and  two-ring 
aromatic  hydrocarbons.  Relatively  small  amounts  of  PAH  with  more  than  two 
rings  and  saturated  hydrocarbons  were  present.  Samples  with  Type  A  spectra 
contained  wery   low  amounts  of  material. 

In  summary,  higher  concentrations  (>  20  ug/L)  of  oil  were  associated  with 
Type  D  (whole  oil)  spectra  and  were  found  at  shallow  water  depths  (<  20  m) 
within  25  km  northeast  of  the  well.  Moderate  concentrations  of  oil  (5-20 
ug/L)  occurred  to  the  south  and  west  of  the  well  and  from  25  to  40  km  to  the 
northeast  of  the  well.  Samples  collected  in  this  region  were  of  spectral  Type 
B,  which  is  characterized  by  soluble  two-ring  aromatics.  A  comparison  of  oil 
concentrations  in  filtered  and  unfiltered  seawater  supports  the  contention 
that  oil  in  the  water  column  occurred  in  both  a  whole  oil  (droplet)  form  and  a 
fractioned  oil  ("dissolved")  form,  although  the  operational  definition  of  the 
material  in  the  filtrate  can  include  dissolved  and  colloidal  oil  as  well  as 
small  oil  droplets  if  the  filter  is  overwhelmed. 

4.  DISCUSSION 


Those  samples  with  concentrations  of  oil  greater  than  20  ug/L  had  Type  D 
spectra  which  contained  two-,  three-,  and  four-ring  aromatic  hydrocarbons. 
The  high  concentrations  of  oil  in  samples  collected  near  the  blowout  probably 
resulted  from  suspension  of  oil  droplets  in  the  water  column.  This  hypothesis 
is  consistent  with  laboratory  studies  of  the  formation  of  oil-in-water 
dispersions  (Zurcher  and  Thuer,  1978;  Shaw  and  Reidy,  1979;  Prouse  et  al., 
1976).  These  studies  have  shown  that  under  vigorous  mixing  conditions, 
droplets  of  oil,  which  contain  two-,  three-,  four-,  and  five-ring  aromatic 
compounds,  are  entrained  in  the  water,  and  a  Type  D  spectrum  results.  Since 
the  high  shear  associated  with  an  undersea  blowout  enhances  the  formation  of 
oil-in-water  dispersions  (i.e.,  droplets),  the  predominance  of  oil  droplets  in 
the  water  samples  is  not  unexpected. 

Seawater  samples  with  less  than  20  yg/L  of  oil  were  collected  at 
distances  greater  than  25  km  from  the  blowout  and  have  Type  B  spectra  which 
are  dominated  by  two-ring  aromatic  hydrocarbons.  Two-ring  aromatic 
hydrocarbons  are  one  to  two  orders  of  magnitude  more  soluble  than  three-  and 
four-ring  structures  (Mackay  and  Shiu,  1977).  Laboratory  studies  have 
confirmed  that  under  gentle  mixing  conditions,  two-ring  aromatics  in  oil  are 
selectively  dissolved  by  seawater  which  would  result  in  a  Type  B  spectrum 
dominated  by  a  single  peak.  The  same  selection  for  two-ring  aromatics  occurs 
if  the  large  (>  1  ym)  droplets  are  removed  from  the  vigorously  mixed 
dispersion  by  filtration  (Shaw  and  Reidy,  1979)  or  centrifugation  (Zurcher  and 
Thuer,  1978).  In  samples  with  Type  B  spectra,  oil  is  present  in  a  "dissolved" 
state.  Two  of  the  three  filtered  seawater  samples  collected  within  the  oil 
plume  also  had  Type  B  spectra.  These  two  samples  contained  approximately  20 
to  30%  (37  and  87  ug/L)  of  the  oil  in  the  unfiltered  sample. 
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Figure  4.  Glass  capillary  gas  chromatograms  of  "reference  oil." 
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We  postulate  that  within  the  subsurface  oil  plume  (within  5  km),  high 
concentrations  (>  600  ug/L)  of  oil  droplets  with  diameters  of  >  0.45  um 
predominated.  Near  the  downstream  edge  of  the  oil -contaminated  plume,  25  km 
from  the  blowout,  moderate  concentrations  (100-300  ug/L)  of  oil  droplets  with 
diameters  >  0.45  um  comprised  70-80%  of  the  oil  in  the  water.  The  remaining 
20-30%  consisted  of  two-ring  aromatics  "dissolved"  in  the  water.  Droplets  of 
oil  with  diameters  <  0.45  ijn  were  not  found  near  the  edge  of  the  plume,  and 
low  concentrations  (<  20  ug/L)  of  "dissolved"  two-ring  aromatics  predominated. 

The  absence  of  high  concentrations  of  oil  at  depths  below  20  m  in  the 
plume  may  have  been  the  result  of  three  processes.  First,  the  plume  of  oil 
and  water  streaming  from  the  blowout  in  the  sea  bed  had  a  net  upward  velocity 
that  could  have  caused  it  to  rise  quickly  to  the  surface  where  it  spread 
horizontally  in  response  to  prevailing  currents.  Second,  the  positive 
buoyancy  of  the  oil  droplets  within  the  plume  may  have  caused  them  to  move 
vertically  within  the  plume  and  remain  close  to  the  surface.  Third,  droplets 
of  oil  could  have  been  generated  by  turbulence  at  the  air/oil  interface  and 
subsequently  driven  down  into  the  water  column.  The  slightly  positive 
buoyancy  of  the  droplets  would  have  retained  them  near  the  surface.  Although 
we  have  no  evidence  to  favor  one  hypothesis  over  another,  it  is  apparent  that 
the  formation  of  oil  droplets  acts  to  concentrate  the  oil  close  to  the 
surface. 

Laterally,  the  subsurface  oil  plume  was  limited  to  within  25-40  km  to  the 
northeast  of  the  blowout.  Based  on  the  assumption  that  the  subsurface  oil  was 
moving  to  the  northeast  at  a  minimum  speed  of  0.5  knots,  it  would  take 
approximately  28  hours  for  the  oil  to  reach  Stations  PIX  08  and  PIX  12  at  the 
edge  of  the  plume.  Since  these  stations  were  sampled  two  to  four  days  after 
Hurricane  Henri  had  left  the  study  site,  oil  streaming  from  the  blowout  would 
have  had  more  than  ample  time  to  travel  beyond  these  stations  and  reestablish 
a  quasi-steady  state  subsurface  plume.  Processes  other  than  simply  the  rate 
of  advection  of  the  oil  must  have  been  responsible  for  establishing  the 
horizontal  limitation  of  the  subsurface  plume. 

One  such  process  may  have  been  a  progressive  agglomeration  of  smaller 
droplets  to  form  larger  droplets  as  oiled  seawater  was  carried  away  from  the 
blowout.  According  to  Stokes  Law,  the  formation  of  larger  droplets  would 
increase  the  positive  buoyancy  and  upward  velocity  of  the  oil  (Thuer  and 
Stumm,  1977).  Such  a  process  would  remove  oil  from  the  subsurface  plume  to 
the  ocean  surface  as  the  oiled  water  moved  away  from  the  blowout. 

Alternately,  a  frontal  zone  may  have  restricted  the  horizontal  advection 
or  diffusion  of  the  plume.  A  vertical  cross  section  of  oj  along  the  plume 
axis  (Figure  5)  suggests  the  possibility  of  such  a  front.  The  profile,  which 
was  generated  from  STD  profiles  and  salinity  and  temperature  measurements  of 
discrete  water  samples  at  stations  occupied  over  a  five-day  period  of  time, 
suggests  the  presence  of  a  lens  of  less  saline,  less  dense  water  to  the 
northeast  of  the  blowout.  This  lens  may  have  resulted  from  freshwater  runoff 
from  the  adjacent  land,  which  had  experienced  heavy  rains  and  flooding  both 
prior  to  and  during  Hurricane  Henri.  The  southward  extent  of  the  lens 
occurred  between  25  and  40  km  from  the  blowout,  which  was  the  location  of  both 
the  strong  subsurface  oil  concentration  gradient  and  the  loss  of  definition  of 
the  surface  oil  plume.  Since  the  hydrographic  data  were  collected  over 
several  days,  they  are  not  synoptic,  and  this  hypothesis  may  be  somewhat 
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speculative.  Samples  were  not  taken  on  either  side  of  the  transect  near  the 
gradient,  which  would  allow  the  three-dimensional  behavior  of  the  oiled 
seawater  plume  to  be  better  defined. 

Low  concentrations  (<  20  yg/L)  of  oil  occurred  to  the  south  and  west  of 
the  well  (Stations  PIX  07,  PIX  09,  PIX  06,  RIX  11).  This  demonstrated  the 
strong  influence  of  advection  on  the  dispersion  of  oil  from  the  blowout. 
During  our  sampling,  the  subsurface  plume  of  oiled  seawater  and  the  surface 
plume  were  similarly  aligned  to  the  northeast  under  the  presumed  influence  of 
oceanic  currents.  The  wind  vector  was  generally  perpendicular  to  the 
direction  of  the  movement  of  oil  on  the  surface  from  the  blowout.  However,  by 
the  time  the  last  station  (RIX  11)  in  the  vicinity  of  the  blowout  was 
occupied,  the  direction  of  the  surface  plume  had  shifted  to  a  more  southerly 
direction.  Slightly  elevated  levels  of  oil  found  within  the  water  column  at 
this  station  may  have  resulted  from  the  shift  in  plume  orientation. 

5.   CONCLUSIONS 


Oil  released  from  the  IXTOC-I  blowout  tended  to  form  a  plume  of  oil 
droplets  suspended  in  the  top  10-20  m  of  the  water.  The  oiled  seawater  plume 
moved  in  a  northeasterly  direction,  presumably  in  response  to  ocean  currents 
rather  than  wind.  The  northeasterly  horizontal  diffusion/advection  of  the 
oiled  seawater  plume  may  have  been  inhibited  or  deflected  by  a  lens  of  less 
saline  water  situated  to  the  northeast  of  the  blowout.  Alternatively,  the 
sharp  boundary  between  the  oiled  seawater  plume  could  have  been  the  result  of 
agglomeration  and  upward  movement  of  the  oil  droplets  in  the  plume. 

Concentrations  of  oil  within  the  plume  ranged  from  20  to  >  10,000  yg/L. 
The  highest  concentrations  of  oil  (up  to  10,600  yg/L),  which  may  have  been 
underestimated  due  to  absorption  in  the  sampling  systems,  were  found  within 
the  oiled  seawater  plume  near  the  IXTOC-I  blowout.  These  values  were  in  the 
same  range  as  concentrations  found  underneath  oil  slicks  during  experimental 
surface  spills  in  the  New  York  Bight  (McAuliffe  et  al.,  1980).  During  these 
spills  maximum  concentrations  within  the  top  3-9  m  of  water  ranged  from  950 
yg/L  under  an  untreated  slick  to  17,800  yg/L  under  a  slick  treated  with 
dispersant.  Concentrations  of  oil  (2-300  yg/L)  measured  in  the  vicinity  of 
the  Ekofisk  blowout  in  the  North  Sea  (Mackie  et  al.,  1978;  Grahl-Nielsen, 
1978)  were  comparable  to  concentrations  at  the  outside  edge  of  the  oil  plume 
at  the  IXTOC-I  blowout.  The  higher  concentrations  of  subsurface  oil  found 
during  the  IXTOC-I  blowout  resulted  from  the  subsurface  release  of  oil  rather 
than  a  release  at  or  above  the  ocean's  surface,  as  occurred  during  the  Ekofisk 
blowout. 

The  horizontal  and  vertical  limitations  of  the  size  of  the  oiled  seawater 
plume  from  the  IXTOC-I  blowout  suggest  that  both  the  physical  properties  of 
the  oil  (i.e.,  droplet  size  and  density)  and  the  density  and  current  structure 
of  the  seawater  controlled  the  dispersal  of  oil  from  this  undersea  blowout. 
Oceanic  frontal  systems  may  act  as  barriers  to  subsurface  transport  of  oil  and 
may  also  act  as  conduits  for  subsurface  movement  of  oil  along  the  frontal 
axis. 
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1.      INTRODUCTION 


On  June  3,  1979,  the  IXTOC-I  well  on  the  continental  shelf  west  of  the 
Yucatan  Peninsula  blew  out  and  began  spilling  oil  into  the  Bay  of  Campeche.  In 
the  following  months,  the  National  Oceanic  and  Atmospheric  Administration  of 
the  U.S.  Department  of  Commerce  sponsored  an  oceanographic  cruise,  known  as 
IXTOC-I,  to  study  the  dispersal  and  subsequent  chemical  changes  of  this  oil  in 
the  marine  environment.  During  the  course  of  this  cruise,  several  storms  and  a 
hurricane  (Henri)  impacted  the  study  area  in  the  vicinity  of  the  IXTOC-I  site. 
Although  this  inclement  weather  hampered  working  operations  at  the  time,  it  may 
have  provided  us  with  an  insight  into  the  storm  response  of  the  study  area 
which  would  not  have  been  possible  during  calm  weather. 

It  was  noted  during  the  IXTOC-I  cruise  (Donald  K.  Atwood,  personal  commu- 
nication) that  the  continental  shelf  water  in  the  vicinity  of  the  well  site  was 
quite  turbid.  This  turbid  zone  extended  landward  at  least  to  the  landward-most 
sample  station  and  seaward  past  the  well  site  for  four  to  five  miles.  At  this 
point,  an  abrupt  transition  took  place  seaward  of  which  clear  blue  Gulf  water 
existed.  Because  of  the  relatively  shallow  depths  (i.e.,  <  60  m)  encountered 
in  this  section  of  the  Campeche  Shelf,  coupled  with  the  high-energy  storm 
activity  at  that  time,   one  could  pose  the  following  questions: 

(1)  Was  there  mineral  matter  suspended  in  the  water  column  at  the  time  of  the 
IXTOC-I  cruise  that  could  have  added  to  or  been  the  source  of  water  turbidity 
in  the  vicinity  of  the  IXTOC-I  well? 

(2)  If  so,  is  it  just  a  surface  effect  due  to  runoff  from  the  land,  is  it 
resuspension  from  the  bottom,   or  both? 

(3)  What  minerals,  if  any,  are  present  and  what  is  their  potential  for  sorp- 
tion of  hydrocarbon  materials? 

(4)  Can  mineralogy  distribution  patterns,  if  decipherable,  give  us  hints  as  to 
the  long-term  dispersal   patterns  in  the  study  area? 

It  will  be  the  object  of  this  study  to  attempt  to  answer  these  questions  with 
the  available  sample  suite  taken  during  the  IXTOC-I  cruise. 

From  the  limited  amount  of  geological  literature  on  the  study  area  avail- 
able to  the  author,  some  insight  into  the  regional  sediment  types  and  mineral- 
ogy can  be  obtained.  It  is  clear  from  a  study  by  Logan  et  al .  (1969)  that  the 
entire  Yucatan  Shelf  south  to  approximately  20°N  latitude  is  composed  entirely 
of  biogenic  carbonate  sediments.  In  a  study  of  Terminos  Lagoon,  just  south  of 
Logan's  area,  Phleger  and  Ayala-Castanares  (1971)  note  that  the  lagoon  is  on 
the  boundary  of  the  carbonate  province  which  is  to  the  east  and  northeast  and 
the  terrigenous  province,  which  is  to  the  west.  This  is  diagiamatically  shown 
in  Figure  1.  Their  work  also  shows  that  net  water  flow  through  the  lagoon  is 
inward  at  the  eastern  inlet  and  outward  through  the  western  inlet.     At  present, 
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river-borne  terrigenous  sediments  delivered  to  the  filled  lagoon  are  bypassing 
it  and  are  being  distributed  westward  along  the  nearshore  zone  of  the  shelf 
under  the  influence  of  the  predominant  circulation  pattern  noted  above.  This 
is  well  illustrated  in  Figure  2,  which  is  a  space  photograph  from  Gemini -5  from 
Phleger  and  Ayala-Castanares   (1971,   their  Fig.  9). 

The  terrigenous  mineralogy  in  this  area  has  been  shown  to  contain  quartz, 
feldspar,  and  heavy  minerals  in  the  sand-sized  fraction  (Freeland,  1971)  with 
kaolinite,  illite,  and  smectite  (montmorillonite)  in  the  fine  silt  to  clay 
fraction  (Creager,  1958). 

2.     METHODS 


2.1  Sampling  Strategy 

Because  water  column  sampling  during  the  cruise  was  not  done  with  sus- 
pended mineralogy  in  mind,  the  mineralogy  portion  of  the  IXTOC  Program  had  to 
rely  on  samples  collected  initially  for  organic  chemical  analysis.  In  order  to 
evaluate  the  potential  role  of  resuspension  to  the  water  turbidity  near  the 
well  site,  only  sample  stations  at  which  bottom  sediment  were  collected  in  con- 
junction with  water  column  samples  could  be  considered.  This  reduced  the 
choices  to  four  stations  (RIX-4,  7,  10,  and  11).  Their  locations  relative  to 
the  IXTOC-I  well,  the  shelf  and  slope  bathymetry,  and  the  landmass  of  Mexico 
are  shown  in  Figure  1,  while  their  exact  locations,  depths,  and  sample  numbers 
are  recorded  in  Table  1.  These  four  stations,  as  well  as  the  IXTOC-I  well  site 
have  also  been  superimposed  on  Figure  2.  Although  the  weather  conditions,  as 
well  as  the  phase  of  the  tide,  were  unknown  before  and  during  the  time  of  the 
photo,  it  can  be  seen  that  a  turbid  plume  extends  from  the  nearshore  zone 
adjacent  to  the  western  (exit)  inlet  of  the  lagoon  outward  across  the  shelf 
toward  station  RIX-11  (R-ll).  This  indicates  a  potential  high-level  (i.e., 
water  column)  transfer  of  material  from  terrigenous  sources  to  the  shelf. 
Since  the  differences  in  mineralogy,  if  any,  between  the  lagoon  and  the  open 
shelf  sediments  were  unknown  to  the  author,  five  bottom  sediment  samples  from 
within  the  lagoon  were  also  analyzed.  Figure  3  shows  the  locations  of  these 
samples  (#4,  8,  9,  14,  16)  which  were  collected  during  another  project. 

2.2  Sample  Preparation 

Samples  collected  in  the  water  column  were  taken  initially  with  only 
organic  chemistry  in  mind,  and  for  this  reason  were  filtered  onto  glass  fiber 
filters.  Initial  sample  treatment  was  for  extraction  and  analysis  of  organic 
material,  the  results  of  which  are  presented  elsewhere  in  this  volume.  The 
organic  extraction  of  each  filter  pad  consisted  of  tearing  the  filter  into 
small  fragments  and  refluxing  in  27%  methanol  111%  hexane  for  four  hours,  fol- 
lowed by  a  four-hour  reflux  with  methylene  chloride.  It  was  the  opinion  of 
this  author  that  these  extraction  techniques  would  have  no  deleterious  effects 
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Table  1.  RIX  Sampled  Locations 


Station  RIX-04:  19°48'N  Lat,  91°22'W  Long 


RIX  -  04-S001  @ 
RIX  -  04-S002  0 
RIX  -  04-F007   0 


1-3  m,  suspended  sediment 
22  m,  suspended  sediment 
28  m,  bottom  sediment 


Station  RIX-07:  19°33'N  Lat,  91°59'W  Long 


RIX  -  07-S002  0 
RIX  -  07-S003  0 
RIX  -  07-F025   0 


1-3  m,  suspended  sediment 
43  m,  suspended  sediment 
55  m,  bottom  sediment 


Station  RIX-10:  19°36.1'N  Lat,  91°49.4'W  Long 


RIX  -  10-S001  0 
RIX  -  10-S003  0 
RIX  -  10-F038   0 


surface,  suspended  sediment 
42  m,  suspended  sediment 
"bottom,"  bottom  sediment 


Station  RIX-11:  19°06'N  Lat,  92°12'W  Long 


RIX  -  11-S001  0 
RIX  -  11-S002  0 
RIX  -  11-F046   0 


1-3  m,  suspended  sediment 
28  m,  suspended  sediment 
39  m,  bottom  sediment 
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on  any  mineral  matter  present.     This  was  seemingly  borne  out  by  the  data  to  be 
presented  later. 

Quantitative  measurements  of  suspended  sediment  concentrations  were  not 
made  during  the  cruise.  However,  estimates  of  concentration  of  mineral  matter 
on  the  filters  ranged  from  very  low  to  nearly  nonexistent,  based  on  visual 
inspection  with  a  light  microscope.  Concentration  variation  between  the  dif- 
ferent sample  pads,  as  well  as  between  the  fragments  of  any  one  pad  could,  how- 
ever, be  estimated  by  color  variation,  although  few  or  no  individual  grains 
could  be  resolved  by  the  microscope.  Color  ranged  from  the  natural  white  of 
the  filter  to  light  shades  of  tan,  and  as  such  formed  the  criterion  for  isolat- 
ing filter  pad  fragments  with  the  highest  potential   mineral   concentration. 

The  glass  fiber  which  constitutes  the  filter  pad  is  made  of  borosilicate 
glass,  which  has  a  density  of  2.23  g/cm3,  and  as  such  is  less  dense  than  most 
mineral  matter  (i.e.,  quartz  =  2.65,  carbonates  2.8,  clays  2.2-3.1  g/cm3). 
Initial  attempts  at  mineral  isolation  and  concentration  involved  ultrasonifi ca- 
tion of  filter  fragments  in  acetone  followed  by  centrifigal  heavy-liquid 
(density  =  2.30  g/cnv*)  density  separation.  After  making  numerous  attempts  at 
using  this  method,  it  was  clear  that  no  visible  residue  was  collecting  at  the 
bottom  of  the  separating  funnels;  hence,  isolation  and  concentration  of  mineral 
matter  from  these  filters  was  not  possible.  As  a  consequence  of  this,  the 
remaining  choice  was  to  X-ray  the  filter  directly,  and  this  was  the  method 
finally  used  in  this  study.  The  filter  fragments  were  visually  sorted  on  the 
basis  of  color  for  maximum  potential  mineral  concentration,  mosaiced  together 
on  a  glass  slide,  bonded  to  the  slide  with  rubber  cement,  and  then  X-rayed. 

The  bottom  sediments  were  present  in  adequate  quantities  so  that  they 
could  be  sieved,  ground,  washed  and  mounted  by  standard  methods.  Because  bot- 
tom resuspension  probably  affects  only  the  silt-  and  clay-sized  particles  of 
the  sediment,  the  sand-sized  (>  62/i)  and  coarser  particles  were  selectively 
removed  from  samples  RIX-4,  7,  10,  and  11  during  sample  preparation.  The  bot- 
tom sediments  from  Terminos  Lagoon  were  received  in  powdered  form;  hence,  no 
such  separation  was  possible.  A  two-gram  representative  sample  was  next  wet- 
ground  for  one  hour  in  a  Fisher  Mortar  Grinder  under  tert-butyl  alcohol.  The 
alcohol  acted  as  a  coolant  and  lubricant  to  prevent  potential  damage  to  the 
mineral  crystal  structures,  while  the  grinding  reduced  and  optimized  the  grain 
size  as  well  as  homogenized  the  material.  After  grinding,  the  samples  were 
washed  with  acetone  and  then  distilled  water,  dried,  and  finally  powder-mounted 
for  initial  X-ray  analysis.  After  the  initial  X-ray  analysis,  the  samples  were 
weighed  to  the  nearest  0.01  g  and  then  placed  in  acetic  acid,  buffered  with 
1.0  N  sodium  acetate  to  pH  =  5,  for  carbonate  removal.  After  overnight  soak- 
ing, the  samples  were  distilled-water-washed,  dried,  and  reweighed  for  carbon- 
ate loss  calculations.  After  weighing,  the  samples  were  rewetted  with  water 
and  pipetted  onto  silver  filters  under  vacuum  and  then  allowed  to  dry  to  room 
humidity  (  70%).  This  final  X-ray  mount  analysis  served  two  purposes.  First, 
it  oriented  the  clay  minerals  in  such  a  way  as   to  enhance   their   detection   due 
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to  improved  orientation  of  their  basal  d  spacings.  The  second  objective  was  to 
detect  mineral  components  which  may  have  been  masked  by  the  numerous  carbonate 
diffraction  peaks. 

2.3  X-Ray  Diffraction  Procedures 

The  samples  were  analyzed  on  a  Philips  X-ray  diffraction  system  using  a  Cu 
target  X-ray  tube  set  at  35  kv  and  25  ma.  The  radiation  was  monochromatized 
with  a  graphite  curved  crystal  mpnochrometer  set  to  transmit  Cu^  radiation 
with  a  mean  wavelength  of  1.5418  A.  The  goniometer  scanned  each  sample  from 
3-45°  20  at  a  rate  of  1°  20/minute;  the  data  was  recorded  on  a  strip  chart 
recorder  that  moved  at  a  rate  of  0.5  inch/minute. 


2.4  Mineral  Identification 

Terrigenous  materials  were  identified  with  the  aid  of  Carroll  (1970), 
Brown  (1961),  and  the  Joint  Committee  on  Powder  Diffraction  Standards  (JCPDS) 
Inorganic  Index  (1972)  and  card  file.  Guidance  for  identification  of  carbonate 
minerals  was  provided  by  Milliman  (1974).  These  mineral  identification  crite- 
ria are  summarized  in  Table  2,  which  contains  both  the  diagnostic  d  spacings  of 
each  mineral  and  the  respective  Miller  indices  (hkl)  for  the  crystal  planes 
whose  spacings  are  those  d-values* 

3.  RESULTS 


Despite  the  visual  lack  of  mineral  matter  on  the  filters,  each  sample's 
X-ray  diffractogram  revealed  the  presence  of  at  least  three  mineral  species. 
The  complete  list  of  mineral  species  present  in  each  sample  is  recorded  in 
Table  3.  In  all,  six  terrigenous  and  four  carbonate  minerals  were  identified. 
The  terrigenous  suite  contained  quartz,  plagioclase  feldspar,  and  the  clay  min- 
erals chlorite,  smectite  (montmorillonite) ,  illite,  and  kaolinite,  while  the 
carbonate  suite  contained  aragonite,  calcite,  dolomite,  and  Mg-calcite.  Fig- 
ures 4a-c  are  given  as  exemplary  diffractograms,  showing  the  three  samples  at 
station  RIX-07  in  descending  order  from  the  surface  sample  (Fig.  4a)  through  to 
the  bottom  sediment  (Fig.  4c).  Two  points  are  obvious  from  this  sequence  of 
diffractograms.  The  first  is  that  despite  the  apparent  lack  of  visible  mineral 
material  on  the  surface  of  the  filters,  beyond  discoloration,  the  diffracto- 
grams of  the  filtered  samples  (Figs.  4a  and  4b)  show  strong  identifiable  dif- 
fraction peaks.  The  second  observation  is  that  the  mineralogy  for  all  three 
samples  is  identical,  as  shown  in  Table  3.  It  should  be  noted  here  that 
Figures  4a  and  4b  contain  peaks  for  gypsum  and  halite,  while  Figure  4c  does 
not.  This  is  not  considered  significant,  since  these  minerals  are  precipitates 
resulting  from  the  direct  filtration  of  seawater  through  the  subsequently 
unwashed  filters. 

The  mineral  distributions  recorded  in  Table  3  show  several  noteworthy  pat- 
terns. The  first  is  that  quartz,  plagioclase,  chlorite,  calcite,  and  aragonite 
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Table  2.  Mineral  Identification  Criteria. 


TERRIGENOUS  MINERALS 

Mineral 

d  Spacing  (A) 

hkl 

Chlorite 

14- 

-14.3 

001 

7- 

-7.15 

002 

4.7- 

-4.75 

003 

3.53- 

-3.69 

004 

Smectite 

15- 

-18 

001 

4.98- 

-5.01 

003 

4.48- 

-4.50 

001,020 

3 

.78 

004 

Illite 

9.9- 

-10.1 

002 

4.48- 

-4.50 

020,110 

3 

.33 

006 

Kaolinite 

7.15- 

-7.18 

001 

4 

.48 

02- 

3 

.57 

002 

Quartz 

4 

.26 

100 

3 

.34 

101 

2 

.28 

102 

2. 

24 

111 

2 

.13 

200 

Plagioclase 

4.0- 

-4.05 

20l  (?) 

3. 

.76 

Ill 

3. 

69 

130 

3. 

26 

220 

3. 

20 

040 

2.98- 

-3.01 

131 

2. 

46 

241 

Aragonite 

3. 

40 

111 

3. 

27 

021 

2. 

70 

012 

2. 

48 

200 

2. 

37 

112 

2. 

34 

130 

Calcite 

3. 

87 

102 

3. 

04 

104 

2. 

50 

110 

2. 

29 

113 

2. 

10 

202 

Dolomite 

2. 

89 

104 

2. 

19 

113 

Mg-Calcite 

2.95- 

-3.01 

104 
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are  essentially  ubiquitous  at  all  sample  stations  and  levels.  Secondly,  no 
mineral  species  occur  in  the  water  column  that  do  not  occur  in  the  sediment 
directly  below.  Finally,  all  of  the  mineral  species  that  were  identified 
occurred  in  all  of  the  shelf-bottom  sediments  (i.e.,  RIX  04-F007,  10-F038, 
07-F025,  and  11-F046)  as  well  as  in  the  western  inlet  (Sample  4)  of  Terminos 
Lagoon.  This  will  be  discussed  further  in  the  next  section. 

The  results  of  the  carbonate  percentage  analyses  for  each  bottom  sediment 
are  recorded  in  Table  3.  From  these  data  it  can  be  seen  that  the  results  of 
this  analysis  conform  to  prior  work  (Phleger  and  Ayala-Castanares,  1971)  in 
that  this  shelf  region  is  the  juncture  for  carbonate  and  terrigenous  sediments 
(i.e.,  RIX-10-F038,  53%  carbonate;  -07-F025,  38%;  and  -11-F046,  59%)  with  an 
increase  in  carbonate  material  to  the  east  and  northeast  (i.e.,  RIX-04-F007, 
76%).  In  the  Terminos  Lagoon,  Phleger  and  Ayala-Castanares  (1971)  report  net 
longshore  transport  to  the  west  with  tidal  inflow  into  the  lagoon  through  the 
eastern  inlet  and  outflow  bearing  terrigenous  material  through  the  western 
inlet.  The  carbonate  percentages  presented  here  seemingly  sustain  that  conclu- 
sion, with  92%  carbonate  (Sample  16)  for  the  eastern  inlet  and  26%  carbonate 
(Sample  4)  for  the  western  inlet. 

4.   DISCUSSION  AND  CONCLUSIONS 


From  the  data  presented  above,  answers  to  the  four  questions  posed  in  the 
Introduction  are  now  available.  In  response  to  the  first  question,  "Was  there 
mineral  matter  present  in  the  water  column?,"  the  data  in  Figures  4a  and  4b,  as 
well  as  Table  3,  clearly  indicate  that  there  was.  Visual,  low-power  micro- 
scopic inspection  of  numerous  filter  fragments  did  not  reveal  the  presence  of 
biota  fragments  or  tests.  This  leads  one  to  the  conclusion  that  the  water  tur- 
bidity was  most  likely  the  result  of  suspended  mineral  matter. 

The  second  question  as  to  whether  the  turbidity  was  from  surface  runoff, 
resuspension,  or  both  is  more  difficult  to  answer  using  the  available  data. 
Figure  5  shows  the  temperature  and  salinity  data  recorded  during  the  hydrocasts 
in  which  water  column  samples  were  collected  for  the  stations  considered  in 
this  report.  Figure  5a  shows  a  slight  thermocline  at  station  RIX-04.  These 
data  were  collected  just  before  the  storm,  which  was  generated  by  Hurricane 
Henri,  hit  the  area.  Figures  5b-d  show  stations  RIX-07,  -10,  and  -11,  respec- 
tively, all  of  which  were  occupied  after  the  storm.  It  is  obvious  that  the 
water  is  isothermal  and  that  any  thermocline  that  may  have  existed  at  those 
stations  was  destroyed  by  the  storm.  The  data,  however,  show  a  mild  halocline 
that  may  be  the  result  of  direct  at-sea  precipitation  or  land  runoff  resulting 
from  torrential  rains  that  occurred  in  the  area  at  that  time  (Donald  Atwood, 
personal  communication).  The  mineralogy  gives  no  clear  guidance  here,  in  that 
the  bottom  sediments  on  the  shelf  and  in  the  lagoon  are  essentially  identical 
to  each  other  and  to  the  material  suspended  in  the  water  column  for  stations 
RIX-07,  -10,  and  -11.  Prior  work  with  suspended  particulate  matter  in  shelf 
environments,  with  depths  similar  to  those  in  the  IXTOC-I  area,  has  shown  that 
intense  storms  (Nelsen,  1979)  and  hurricanes  (Rodolfo  et  al . ,  1971)  are  cap- 
able of  resuspending  large  amounts  of  bottom  materials  into  the  water  column 
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Figure  5.  Temperature  and  salinity  of  the  water  column  taken  concurrently  with 
the  RIX  samples  at  the  stations  marked  on  each  profile. 
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for  several  days.  However,  under  conditions  of  strong  thermal  stratification, 
resuspension  may  be  reduced  or  inhibited,  even  under  brief  hurricane  conditions 
(Young,  1978).  Because  prestorm  stratification  was  weak  (Fig.  5a)  and  post- 
storm  conditions  were  isothermal  (Figs.  5b-d),  it  is  the  opinion  of  this  author 
that  resuspension  was  the  primary,  if  not  the  sole,  cause  of  mineral  matter  in 
the  water  column. 

In  addressing  the  third  question,  the  hydrocarbon  sorption  properties  of 
the  minerals  present,  at  least  three  minerals  have  been  shown  to  have  that 
capacity.  In  a  study  by  Meyers  and  Quinn  (1973),  it  was  shown  that  marine 
sediments  (of  unspecified  mineralogy),  as  well  as  kaolinite,  illite,  and 
smectite  have  the  capacity  for  significant  sorption  of  petroleum  hydrocarbons 
in  saline  solution.  It  is  therefore  reasonable  to  conclude  that  at  least  three 
of  the  minerals  present  in  the  IXTOC-I  study  area  are  capable  of  scavenging  and 
forming  sinks  for  petroleum  hydrocarbons. 

The  final  question,  concerning  mineral  distributions  and  long-term  disper- 
sal patterns  in  the  study  area,  can  be  addressed  only  in  a  speculative  manner 
due  to  the  limited  data  base  available  to  this  study. 

During  the  time  period  over  which  the  samples  of  this  study  were  col- 
lected, the  general  trajectory  of  the  discharging  oil  was  to  the  east-northeast 
(Donald  Atwood,  helicopter  observation  log),  with  a  landward  shift  near  the  end 
of  this  observational  period.  As  such,  the  oil  entered  the  carbonate  province 
and  possibly  the  nearshore  zone.  If  suspended  mineral  particles  acted  as  sorp- 
tion sites  for  the  petroleum  hydrocarbons,  their  long-term  dispersal  in  the 
study  area  may  take  two  paths.  From  the  work  of  Phleger  and  Ayala-Castanares 
(1971),  it  has  already  been  noted  that  longshore  drift  in  the  area  of  Terminos 
Lagoon  is  from  the  east  to  the  west  and  that  the  net  tidal  exchange  consists  of 
inflow  through  the  eastern  inlet  and  outflow  from  the  western  inlet.  As  such, 
this  provides  the  Terminos  Lagoon  with  a  potential  mechanism  for  intake  of  con- 
taminated particulates  from  the  nearshore  zone.  The  second  possibility  is  dis- 
persal to  abyssal  depths.  It  is  known  from  the  work  of  Davies  (1968)  that  a 
considerable  volume  of  abyssal  plain  sediments  contains  carbonate  turbidite 
sequences  derived  from  the  Campeche  Bank.  These  turbidites  have  been  shown  to 
contain  foraminifera  from  the  s/ery  shallow  inner  shelf  environment.  From  this, 
it  is  reasonable  to  conclude  that  contaminated  particulates  can  be  brought  to 
the  shelf-edge  by  process  such  as  storm  resuspension,  and  under  proper  condi- 
tions they  can  be  delivered  to  abyssal  depths  by  turbidite  flow  mechanisms. 
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ABSTRACT 

An  investigation  of  the  areal  extent  and  nature  of  oil  in  offshore  surface 
sediments  from  the  IXTOC-I  blowout  in  the  Bay  of  Campeche  was  undertaken  by 
sampling  surface  sediment  from  the  blowout  region  and  along  its  Mexico-to-Texas 
path  of  movement.  Sediment  traps  deployed  in  the  blowout  region  collected 
actively  sedimenting  material. 

Synchronous  scanning  spectrofluorometric,  glass  capillary  gas  chromato- 
graphic, and  gas  chromatographic  mass  spectrometric  analytical  techniques  were 
used  to  investigate  both  the  distribution  and  the  detailed  nature  of  sediment- 
ing and  sedimented  oil.  Petroleum  hydrocarbons  captured  in  trap  arrays  were 
undegraded  by  microorganisms  but  weathered  by  evaporation/dissolution.  Hydro- 
carbons transported  to  the  sediments  were  associated  with  phytoplanktonic 
material  and  grayish  suspended  carbonates.  Oil  from  IXTOC-I  was  found  in  sur- 
face sediment  at  station  30,  at  50  km  from  the  blowout  site,  and  possibly  off 
the  Texas  coast  in  deep  water  in  concentrations  as  high  as  100  ppm.  Sedimen- 
tary petroleum  hydrocarbons  exhibit  chemical  characteristics  of  petroleum  in 
its  early  stages  of  microbial  degradation.  Alkyl  phenanthrenes  and  alkylated 
dibenzothiophenes  dominate  the  aromatic  hydrocarbons  in  the  sediments. 

Mass  balance  calculations  indicate  that  1%  to  perhaps  3%  of  the  spilled 
oil  is  to  be  found  in  offshore  sediments,  a  conclusion  that  is  in  agreement 
with  the  weathering  (fates)  model  of  Mackay  et  al .  (1979). 

1.   INTRODUCTION 


When  released  into  the  marine  environment,  the  behavior  and  fate  of  petro- 
leum hydrocarbons  are  dictated  by  a  variety  of  physical /chemical ,  chemical,  and 
biological  processes  which  result  in  hydrocarbon  dissolution,  evaporation, 
emul si fi cation,  dispersion  (mixing),  adsorption,  sedimentation,  photo-oxida- 
tion, and  hence  their  active  and  passive  biological  uptake.  The  rates  of  these 
"weathering"  processes  and  their  relative  significance  in  a  three-dimensional 
mass  balance  have  been  the  subject  of  several  significant  modeling  efforts 
(Mackay  and  Paterson,  1978;  Kolpack  and  Plutchak,  1976;  Mackay  et  al . ,  1979; 
Mattson  and  Grose,  1979).  The  most  important  quantitative  processes  predicted 
to  influence  the  fate  of  oil  in  a  spill's  early  stages  are  evaporation  and  dis- 
solution. The  rates  of  both  of  these  processes  are  dependent  not  only  on  the 
water  temperature  and  other  environmental  variables,  but  also  on  mixing  energy 
that  disperses  oil  into  the  water  column  in  fine  droplets,  hence  increasing 
dissolution  and  sorption  of  petroleum  hydrocarbons.  Sedimentation  of  oil  in 
the  offshore  environments  is  thought  to  be  a  minor  sink  for  hydrocarbons 
(Mackay  et  al . ,  1979),  the  extent  of  which  is  dependent  on  suspended  sediment 
loading  and  biological  production  (i.e.,  planktonic  concentrations). 

It  is  clear  that  the  extent  of  long-term  biological  effects  of  most  oil 
pollution  events  studied  to  date  is  directly  dependent  on  the  extent  of  oiling 
of  the  benthic  substrate  in  and  upon  which  organisms  dwell.   The  specific 
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gravity  of  most  crude  and  refined  oils  spilled  at  sea  does  not  exceed  that  of 
seawater  ( — 1 .025 ;  Ferraro  and  Nichols,  1972)  and  hence  direct  sinking  of 
petroleum  residues  at  sea  is  rare.  Notable  exceptions  are  spillages  associated 
with  the  ANNE  MILDRED  BROVIG  collision  in  the  North  Sea  (Mattson  and  Grose, 
1979),  the  USNS  POTOMAC  (Grose  et  al . ,  1979)  during  which  some  sinking  of  oil 
appears  to  have  occurred,  probably  due  to  weathering  and  subsequent  fractiona- 
tion of  the  oil,  and  the  SANSINENA  Bunker  C  spill  (Kolpack  et  al . ,  1978)  dur- 
ing which  the  burning  of  the  cargo  resulted  in  the  sinking  of  the  residuals. 

Studies  of  the  IXTOC-I  emulsified  crude  oil  (mousse)  masses  off  the  Texas 
coast  during  August  1979  (Patton  et  al . ,  1980;  Patton  and  Amos,  unpublished 
data)  found  that  photochemical  and  evaporative  processes  presumably  resulted  in 
skinning-over  and  subsequent  flaking  of  mousse  patches,  and  that  wind-driven 
dispersion  (apparent  sinking)  drove  these  particles  into  the  water  column. 
These  particles  were  neutrally  or  positively  buoyant  (Patton  et  al . ,  1980)  and 
thus  did  not  passively  sink. 

Petroleum  hydrocarbons  have  become  associated  with  intertidal  and  subtidal 
sediments  following  many  spills  during  which  landfall,  substrate  oiling,  and 
offshore  transport  of  affected  sediment  have  occurred.  Long-term  association 
of  hydrocarbons  with  sediments  has  occurred  during  the  West  Falmouth  (Teal  et 
al.,  1978),  Chedabucto  Bay  ARROW  (Cretney  et  al . ,  1978;  Keizer  et  al . ,  1978), 
and  AMOCO  CADIZ  (Beslier  et  al . ,  1980;  Boehm  et  al . ,  1980b)  spill  events,  to 
name  a  few.  Similar  landfall  followed  by  offshore  and  hence  subtidal  transport 
undoubtedly  occurred  to  a  great  extent  during  the  IXTOC-I  blowout;  the  only 
documented  observations  were  recorded  off  the  southern  Texas  coast  (0SIR, 
1980). 

There  have  been  few  studies  directly  pertaining  to  the  transport  of  oil  to 
the  offshore  continental  shelf  benthos  via  the  important  phenomenon  of  adsorp- 
tion of  oil  on  living  or  detrital  particulate  matter  (or  vice  versa)  followed 
by  sedimentation  to  the  benthos.  An  evaluation  of  the  extent  of  this  process 
is  extremely  important  in  order  to  predict  the  exposure  of  important  benthic 
resources  to  petroleum  hydrocarbons  released  from  offshore  blowouts.  This  pro- 
cess is  dependent  on  the  availability  and  concentration  of  suspended  particu- 
lates and  their  surface  area  (Poirier  and  Thiel,  1941;  Mattson  and  Grose,  1979; 
National  Academy  of  Sciences,  1975;  Thlier  and  Stumm,  1977).  Another  possible 
route  of  transport  to  the  benthos  is  by  ingestion  of  oil  by  zooplankters  fol- 
lowed by  fecal  pellet  transport  (Conover,  1971).  These  two  processes  are  those 
most  likely  to  result  in  water-column-to-benthos  transport  of  petroleum  hydro- 
carbons in  continental  shelf  environments. 

Several  recent  studies  have  addressed  transport  of  oil  to  the  benthos  fol- 
lowing offshore  platform  blowouts  and  tanker  spills.  Kolpack  (1971)  and 
Kolpack  et  al.  (1971)  have  attributed  the  large  concentrations  of  oil  in  sedi- 
ments following  the  Santa  Barbara  blowout  to  the  interaction  of  petroleum 
hydrocarbons  with  sediment-rich  river  plumes,  followed  by  sorption  and  sinking. 
Low  but  significant  concentrations  of  oil  in  sediments  were  observed  following 
the  Ekofisk  BRAVO  blowout  in  the  North  Sea  (Johnson  et  al . ,  1978),  although  no 
specific  mechanism  was  investigated.  McAuliffe  et  al .  (1975)  have  associated 
the  spilled  oil  in  sediments  in  the  vicinity  of  the  Chevron  platform  blowout  at 
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the  mouth  of  the  Mississippi  River  with  sorption  and  sedimentation  processes. 
Boehm  et  al .  (1980a)  have  examined  the  detailed  chemistry  of  sedimenting  oil 
captured  in  sediment  traps  deployed  during  the  TSESIS  tanker  spill  in  Sweden. 
They  found  that  microbial  degradation  caused  rapid  alteration  of  the  chemical 
composition  of  the  spilled  cargo,  and  that  the  hydrocarbon  composition  of  ben- 
thic  deposit  feeders  (Macoma  balthica)  echoed  this  composition.  Johansson  et 
al .  (1980)  estimated  that  15  to  20  percent  of  the  oil  spilled  during  the  TSESIS 
event  was  transported  to  the  benthos  by  sorption  and  sedimentation  and/or  by 
ingestion  and  zooplankton  fecal  pellet  transport. 

The  continuous  seabed  blowout  event  of  the  IXTOC-I  drilling  platform  in 
the  Bay  of  Campeche  introduced  at  least  140  million  gallons  (3.5  million  bbl 
=  500  thousand  metric  tons)  of  oil  into  the  offshore  waters  of  the  Bay  of 
Campeche  over  a  10-month  period  (0SIR,  1980).  This  study  was  intended  to  place 
the  magnitude,  nature,  and  areal  extent  of  the  sedimentation  processes  in  the 
perspective  of  the  overall  behavior  of  the  released  petroleum  hydrocarbons  by 
examining  and  comparing  the  concentrations  and  composition  of  hydrocarbons  of 
actively  sedimenting  particles  (sediment  traps),  particulate  oil,  source  mater- 
ial (weathered  mousse),  and  surface  sediments  themselves. 


2.  METHODS 


2.1  Sampling 

Samples  were  obtained  during  the  R/V  RESEARCHER  and  C/V  PIERCE  Campeche 
oil  spill  cruise,  11-27  September  1979.  This  research  expedition  was  designed 
to  examine  the  three-dimensional  distribution  of  petroleum  hydrocarbons,  the 
concentration  gradients  from  the  blowout  source,  and  the  compositional  changes 
occurring,  and  to  postulate  a  comprehensive  mass  balance  for  the  spilling 
petroleum. 

Surface  sediments  were  obtained  from  a  larger  set  of  sediment  samples  from 
10  stations  occupied  by  the  RESEARCHER;  one  series  was  in  close  proximity  to 
the  wellhead  (the  closest  station  was  RIX  07  at  30  km),  and  a  second  series  was 
along  the  historical  path  of  surface  slick  movement  from  the  wellhead  to  Texas 
coastal  waters  (Figures  1  and  2).  All  samples  were  obtained  with  a  Smith- 
Maclntyre  grab  sampler.  A  subsample  from  the  top  3-4  cm  of  sediment  was  taken 
from  each  grab  after  it  was  brought  on  deck.  Samples  were  immediately  frozen 
at  -10°C  and  remained  so  until  analyses  were  begun. 

Sediment  traps  were  constructed  quite  simply  by  attaching  wide-mouth  jars 
to  a  weighted  Kevlar-coated  hydrowire  at  several  depths  (2.5,  5,  and  15  m) 
along  the  wire.  Duplicate  traps  were  deployed  from  the  C/V  PIERCE  at  three 
stations  near  the  wellhead  (Figure  1)  along  the  observed  direction  of  movement 
of  the  surface  oil,  as  well  as  at  one  control  station.  The  traps  remained 
deployed  for  approximately  8  hr,  at  which  point  they  were  retrieved.  During 
retrieval  the  trap  strings  were  slowly  brought  on  board  and  each  jar  was  capped 
before  breaking  the  sea  surface.  The  jars'  contents  were  poisoned  with  methy- 
lene chloride  and  frozen  at  -10°C  until  analyses  were  begun. 
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Particulate  water  column  samples  were  obtained  through  an  all -stainless- 
steel  pumping  system  designed  specifically  for  oil -spill  studies  (Boehm  and 
Fiest,  this  symposium).  A  submersible  pump  (nylon  bushings)  attached  to  an 
alterable  series  of  2-m  lengths  of  1/2"  I.D.  stainless-steef  tubing,  linked  by 
flexible  stainless  couplings  and  quick-connect  fittings,  was  deployed  outside 
the  area  of  heavy  slick.  Once  in  the  water  the  ship,  and  hence  the  string  of 
tubing,  was  allowed  to  drift  into  the  heavy  oil.  Vertical  profiles  down  to 
20  m  were  obtained  by  adding  lengths  to  the  tubing.  The  hydrocarbon  content  of 
pumped  seawater  was  monitored  continuously  through  a  Turner  fluorometer.  Par- 
ticulate samples  were  obtained  by  channeling  the  flow  through  a  142-mm  precom- 
busted  Gelman  AE  glass  fiber  filter  held  in  a  stainless  filter  holder.  Ten  to 
20  liters  of  water  were  filtered  to  obtain  a  single  sample.  The  filter  was 
removed  and  frozen  immediately. 

2.2  Analyses 

The  overall  analytical  strategy  was  geared  to  determining  the  comparative 
detailed  hydrocarbon  chemistries  (saturates:  n-C^o  to  n-C34*>  aromatics:  alkyl- 
benzenes  to  benzopyrenes)  of  samples  by  a  combination  of  analytical  techniques: 
glass  capillary  gas  chromatography  (FID-GC)  and  capillary  gas  chromatographic 
mass  spectrometry  (GC/MS). 

The  hydrocarbon  compositions  of  the  surface  sediments  were  screened  by 
synchronous  scanning  spectrofluorometry  (Wakeham,  1977;  Gordon  et  al . ,  1976; 
Fiest  and  Boehm,  1980).  Approximately  3  g  dry  weight  of  sediment  was  trans- 
ferred to  a  centrifuge  tube,  solvent  was  added,  and  the  tube  was  agitated  using 
a  vibrating  mixer  for  several  minutes.  Use  of  different  solvent  mixtures  (hex- 
ane,  methylene  chloride/methanol ,  hexane/methylene  chloride)  was  tried  to  com- 
pare extraction  methods.  Hexane  compared  quite  favorably  with  methylene  chlo- 
ride mixtures  in  its  ability  to  qualitatively  extract  fluorescent  compounds 
from  wet  sediment  and  was  subsequently  used  in  all  screenings  to  address  the 
qualitative  sedimentary  hydrocarbon  distributions.  Hexane  extracts  were  ana- 
lyzed directly  on  a  Farrand  MK-1  scanning  spectrofluorometer  by  offsetting  the 
excitation  and  emission  monochronometers  25  nm,  and  scanning  both  simultane- 
ously and  monitoring  the  resultant  emission  spectrum  of  the  sample.  Families 
of  aromatics  (Lloyd,  1971)  are  revealed  by  this  method.  Twelve  samples  were 
chosen  on  the  basis  of  their  fluorescence  spectra  for  more  detailed  GC  and 
GC/MS  analyses.  Those  samples  whose  spectra  revealed  the  probable  presence  of 
IXTOC-I  oil  or  those  whose  spectra  illustrated  a  "typical  background"  distribu- 
tion of  fluorescent  polycyclic  aromatic  hydrocarbons  were  chosen  for  further 
scrutiny. 

The  solvent  extraction,  silica  gel  column  chromatographic  fractionation, 
GC,  GC/MS,  and  quantification  procedures  ^re  described  in  detail  elsewhere 
(Boehm  et  al . ,  1980b;  Atlas  et  al . ,  1980;  Brown  et  al . ,  1979;  Boehm  and 
Fiest,  this  symposium).  Briefly,  50-100  g  of  wet  sediment  are  added  to  a  Tef- 
lon canister  and  internal  standards  are  spiked  to  the  sediment.  The  sediment 
is  dried  by  shaking  with  methanol,  extracted  by  a  methylene-chloride:methanol 
azeotrope  (9:1),  the  methanol  is  back-extracted  with  methylene  chloride,  all 
extracts  are  combined,  reduced  in  volume,  displaced  with  hexane,  and  charged  to 
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a  silica  gel/alumina  column.  Two  fractions  (fi  =  hexane  eluate  =  saturated 
hydrocarbons;  f2  =  hexane/methylene  chloride  eluate  =  unsaturated  =  aromatic 
and  olefinic  hydrocarbons)  are  eluted,  reduced  in  volume,  weighed  on  a  Cahn 
electrobalance,  and  analyzed  by  glass  capillary  GC  and  GC/MS/computer  using 
30-meter,  AA,   SE-30  columns   (J&W  Scientific). 

Sediment  trap  samples  consisted  of  a  500-ml  jar  of  seawater  with  zero  to 
about  50  mg  of  sediment  at  the  bottom.  To  lower  the  analytical  detection  limit 
and  to  avoid  handling  losses,  the  three  to  four  jars  comprising  each  trap  array 
string  were  combined  and  treated  as  water  samples  (i.e.,  added  to  a  separatory 
funnel  and  extracted  vigorously  with  three  100-ml  portions  of  methylene  chlo- 
ride).    The  extracts  were  treated  as  were  the  sediment  extracts. 

3.      RESULTS 


The  analytical  results  of  a  series  of  sediments,  selected  sediment  trap, 
and  particulate  hydrocarbons  are  presented  in  this   section. 

3.i     Ultraviolet  Spectrofluorometry:     Sediments 

The  synchronous  spectrofluorometric  determinations  provided  a  rapid  and 
clear  picture  as  to  the  basic  nature  of  the  hydrocarbon  composition  of  the  sur- 
face sediments  from  those  stations  shown  in  Figure  1.  The  spectra  fall  into 
three  nontrivial  (nonzero)  categories  illustrated  in  comparison  to  a  reference 
oil-in-water  dispersion  sampled  at  the  wellhead  (Figures  3A-E).  The  spectrum 
of  Figure  3B  is  characteristic  of  all  sediment  samples  examined  from  stations 
RIX  07  and  RIX  10,  approximately  30  and  50  km  from  the  wellhead,  respectively, 
and  RIX  30,  in  deep  water  off  Texas.  These  spectra  compare  quite  favorably 
with  the  reference  oil,  with  wavelength  maxima  at  312  and  350  nm  and  signifi- 
cant shoulders  at  322  and  400  nm.  The  312-  and  322-nm  responses  are  attribut- 
able to  families  of  2-ringed  aromatic  hydrocarbons,  while  the  350-  and  400-nm 
maxima  are  due  to  3-ringed  compounds  and  minor  amounts  of  4-ringed  aromatic 
structures  (Lloyd,  1971).  The  312-  and  322-nm  peaks  are  depleted  relative  to 
the  presumed  source  material  (Figure  3A),  undoubtedly  due  to  weathering  of  the 
petroleum  hydrocarbon  mixture. 

The  second  type  of  spectra  was  observed  in  sediment  samples  from  station 
RIX  12  off  Veracruz  (Figure  3C).  The  prominent  multiple  maxima  between  290  and 
315  nm  are  quite  distinct  and  represent  several  biaromatic  responses.  The 
broad  band  and  shoulders  from  345  to  450  nm  with  a  maximum  at  370  nm  is  attri- 
butable to  a  set  of  3-  and  4-ringed  compounds  other  than  that  associated  with 
the  spilled  oil    and  hence  another  pollutant  source. 

The  third  spectral  type,  illustrated  in  Figure  3D,  is  characteristic  of  a 
prominent  set  of  2-ringed  aromatic  compounds  as  revealed  by  two  spectral  maxima 
at  295  nm  and  305  nm.  A  small  degree  of  triaromaticity  is  revealed  by  a  small 
band  centered  at  345  nm.  These  spectra,  common  to  RIX  14  sediments  north  of 
Tampico,    are   quite   unlike    those    from    other    stations    examined    from    the    study 
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Figure  3.  Synchronous  fluorescence  spectra 
of: 

A.  Reference  IXTOC  oil 

B.  Sediment  hydrocarbons  resembling  A 

C.  Other  anthropogenic  polycyclic  aromatic 
sources  in  sediments 

D.  Sediment  hydrocarbons  containing  pri- 
mary two  ringed  aromatic  compounds 

E.  No.  2  Fuel  Oil 
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area  and  are  most  similar  to  a  light  distillate  oil  (e.g.,  No.  2;  see  Fig- 
ure 3E).  However,  GC  and  GC/MS  data  do  not  reveal  the  presence  of  any  marked 
distillate  pollution;  therefore,  the  origin  of  this  distribution  is  unknown. 
Sample  contamination  is  possible  but  unlikely,  in  view  of  the  fact  that  two  of 
the  three  samples  examined  from  RIX  14,  and  no  others,  contain  this  unique  dis- 
tribution of  fluorescent  compounds. 

3.2  GC ,  GC/MS,  Quantitative  Aspects:  Sediments 

The  hydrocarbon  content  (f^  and  f2)  of  sediments  from  the  wide  geographic 
region  examined  ranged  from  15.1  jug/g  at  station  RIX  14  to  143.6  /ig/g  at  RIX  10 
(Table  1).  A  direct  relationship  between  absolute  hydrocarbon  levels  and  the 
presence  of  IXTOC-I  oil  does  not  seem  to  exist,  although  the  presence  of  petro- 
leum hydrocarbons  attributable  to  IXTOC-I  was  noted  at  stations  RIX  07  and 
RIX  10.  The  background  distributions  of  hydrocarbons  are  related  to  the 
organic  content  of  the  sediments.  RIX  22  and  RIX  30  contain  hydrocarbon  con- 
tents greater  than  non-oiled  sediments  farther  south,  due  to  riverine  influ- 
ences, not  to  IXTOC-I  influences. 

Gas  chromatograms  of  oil  from  the  sea  surface  at  the  blowout  site  (Fig- 
ure 4A,  B)  are  characterized  by  a  distribution  of  n-alkanes  (n-Cio  to  n-C36), 
isoprenoid  hydrocarbons,  aromatic  hydrocarbons  (alkyl  benzenes  through  alkyl 
phenanthrenes) ,  and  aromatic  hetero  compounds  (dibenzothiophenes) .  The  impor- 
tant features  of  the  GC  distribution  are  presented  in  Table  2. 

The  major  processes  affecting  the  compositions  of  petroleum  in  the  water 
column,  evaporation/dissolution  and  biodegradation,  can  be  evaluated  through 
three  parameter  ratios  and  are  discussed  in  greater  detail  elsewhere  (Boehm  and 
Fiest,  this  symposium).  A  ratio  of  n-alkanes  (C10-C25/C17-C25)  approaches  1.0 
as  a  fresh  oil  is  weathered  through  partitioning  of  lower-boiling  components 
into  aqueous  and  gaseous  phases.  The  ratio  of  selected  n-alkanes  (n-C^  ^5  ^ 

17  18 )  to-  isoprenoids  in  the  same  boiling  region  (retention  indices  1380,  1470 
[farnesane],  1650,  1710  [pristane],  and  1812  [phytane])  decreases  as  microbial 
degradation  of  the  more  readily  degraded  n-alkanes  proceeds  (Boehm,  et  al . , 
1980a,  b).  The  information  in  Table  2  compares  source  material  with  unweath- 
ered  water-column  particulate  oil  and,  in  turn,  with  sediment  trap  and  surface 
sediments  containing  recent  petroleum  inputs  associated  with  IXTOC-I  oil. 

Particulate  hydrocarbons  (Boehm  and  Fiest,  this  symposium)  at  those  sta- 
tions where  oil  was  detected  in  sediments  (RIX  07,  RIX  10)  and  sediment  traps 
(PIX  08,  PIX  14)  are  comprised  of  a  weathered  version  of  the  source  oil  (Fig- 
ures 5A,  B),  with  components  lighter  than  n-Cjc  largely  depleted  due  to  physi- 
cal/chemical weathering  (primarily  evaporation).  Aromatic  hydrocarbons  in  the 
naphthalene  and  fluorene  series  have  partitioned  into  the  dissolved  and/or 
vapor  phases,  thus  decreasing  the  aromatic  weathering  ratio  (AWR;  Table  2). 
Petroleum  hydrocarbons  in  the  water  column  in  this  spill  are  relatively  unaf- 
fected by  biodegradative  processes  compared  to  other  well -studied  spill  scenar- 
ios (AMOCO  CADIZ:   Calder  et  al.,  1979;  TSESIS:   Boehm  et  al . ,  1980a). 
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Table  1.  Surface  sediment  data  summary. 


Hydrocarbon  Content 
(Gravimetric) 

(jU9/9) 

Station 

h 

fz 

Total 

Composition 

RIX  04 

5.4 

19.2 

25.1 

B 

RIX  07-1 

11.4 

18.8 

30.2 

I/B 

RIX  07-2 

26.3 

54.0 

80.3 

I/B 

RIX  10-1 

33.6 

110.0 

143.6 

I/B 

RIX  10-2 

23.5 

38.0 

61.5 

I/B 

RIX  12 

8.3 

16.4 

24.7 

T 

9.6 

17.3 

28.9 

T 

RIX  14-1 

6.7 

12.3 

19.0 

T/C 

RIX  14-2 

5.1 

10.0 

15.1 

T/C 

RIX  22 

17.9 

20.5 

38.4 

C/T 

RIX  30 

16.8 

30.0 

46.8 

T/B/C/I 

Blank 

2.0 

2.0 

4.0 

— 

KEY: 

I   =  predominantly    IXTOC-I    oil     in    f \ ;    weathered    aro- 
matics  and  biogenics   (olefins,    sterenes)   in  f£. 

B  =   biogenic   inputs   in  f\   and  f2- 

T  =  terrigenous      biogeneous      biogenic      inputs      (i.e., 
n-C23 ,   n-C25,   n-C27,   n-C29,   n-C3i ,   n-alkanes  = 
vascular  plant  waxes). 

C  =  chronic    pollution;     unresolved    hump     in    f\\     pyro- 
genic  polynuclear  aromatic   hydrocarbon   inputs   in 

f2- 
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Figure  5.  Glass  capillary  gas  chroma tog rams  of  representative  hydrocarbon- 
bearing  particulates. 
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The  capillary  GC  traces  of  hydrocarbons  in  the  sediments  illustrate  the 
major  compositional  features  referred  to  in  Tables  1  and  2.  Background  ali- 
phatic hydrocarbon  distributions  are  characterized  by  marine  biogenic  distribu- 
tions (Figure  6A),  terrigenous  biogenic  distributions  (Figure  6B),  and  a  combi- 
nation of  chronic  pollution  and  biogenic  inputs  (Figure  6C).  The  unsaturated 
(f£)  fractions  of  most  samples  are  comprised  of  prominent  sets  of  normal  and 
branched  olifinic  compounds  and  compounds  of  the  triterpene  series  (Figure  7). 
Several  of  the  compounds  reveal  mass  spectral  fragments  characteristic  of  this 
series  (m/e  =  191;  MW  368,  380;  Ensminger  et  al . ,  1975;  Bieri  et  al . ,  1978), 
which  probably  originate  in  the  marine  microbiota  (Ensminger  et  al . ,  1975). 
Those  sediment  samples  that  do  contain  significant  quantities  of  petroleum 
hydrocarbons  (RIX  07,  RIX  10)  exhibit  a  moderately  weathered  n-alkane  distribu- 
tion overriding  an  unresolved  complex  mixture  (UCM)  resulting  from  weathering 
of  the  saturate  fraction,  which  visually  enhances  the  UCM  on  the  GC  traces  and 
possibly  results  in  the  production  of  UCM  compounds  (cyclic  saturated  com- 
pounds) by  marine  bacteria  (Atlas  et  al . ,  1980;  Figure  8A).  That  biodegrada- 
tion  is  proceeding  is  evidenced  not  only  by  the  UCM  prominence,  but  also  by  the 
decreasing  ALK/ISO  ratios  (1.1-1.9)  for  these  samples  (Table  2). 

The  unsaturated  fraction  (f2)  of  spill-impacted  surface  sediment  con- 
tains major  biogenic  components  (Figure  8B),  as  do  the  background  samples.  The 
petrogenic  aromatic  hydrocarbons  are  revealed  only  through  GC/MS-generated 
reconstructed  mass  chromatograms.  The  quantitative  results  from  the  GC/MS 
examinations  of  the  f£  fractions  are  summarized  in  Table  3  and  detailed  in 
Figure  9.  The  prominent  families  of  phenanthrene  and  dibenzothiophene  homologs 
dominate  the  aromatic  hydrocarbon  distributions  (Figure  8B)  of  RIX  07,  RIX  10, 
and  RIX  30.  No  naphthalene  compounds  were  detected  in  the  oil -impacted  sedi- 
ments. The  quantities  of  the  phenanthrene  and  dibenzothiophene  series  range 
from  less  than  1.0  ng/g  to  36  ng/g.  The  dibenzothiophenes  (13-40  ng/g)  are 
associated  with  sediments  containing  petroleum  hydrocarbons.  In  these  cases 
the  C2  and  C3  alkylated  dibenzothiophenes  (m/e  =  212  and  226)  dominate,  illus- 
trating that  the  petroleum  present  is  moderately  weathered  (Boehm,  et  al . , 
1980b).  The  phenanthrenes  present  (Figure  8C)  when  dibenzothiophenes,  and 
hence  oil,  are  absent,  are  the  unsubstituted  parent  compound  with  lesser 
amounts  of  alkylated  phenanthrenes.  This  small  amount  (1.0-3.0  ng/g)  can  be 
attributed,  along  with  the  polynuclear  aromatic  hydrocarbon  (PAH;  m/e  202,  228, 
and  252)  components,  to  pyrogenic  sources  (i.e.,  combustion  of  fossil  fuels; 
Youngblood  and  Blumer,  1975)  introduced  to  the  sediment  probably  through  fall- 
out and  riverine  runoff.  The  sediments  of  RIX  22  and  RIX  30  (Figure  8C ,  D) 
contain  greater  quantities  of  these  indicators  of  pyrogenic  sources,  most 
likely  due  to  their  proximity  to  the  influence  of  the  Rio  Grande  River.  RIX  30 
also  contains  dibenzothiophene  and  alkyl  phenanthrene  PAH  compounds,  which 
strongly  suggest  a  petrogenic  source.  In  addition,  the  synchronous  spectroflu- 
orometry  spectrum  of  the  RIX  30  sample  suggests  a  similarity  to  IXT0C-I  oil. 
However,  other  petroleum  sources  prevalent  in  the  Texas  Gulf  coast  region 
(platform  drilling  discharges,  tanker  discharges)  may  result  in  similar  distri- 
butions. Therefore,  assignment  of  the  trace  levels  of  petroleum  hydrocarbons 
found  in  RIX  30  sediments  to  any  particular  source  is  quite  ambiguous. 

It  should  be  noted  that  the  olefinic  and  triterpenoid  nonpetrogenic  compo- 
nents of  the  unsaturate  (f2)  fraction  are  present  in  quantities  from  2  to  100 
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Figure  6.  Glass  capillary  gas  chromatograms  of  saturated  hydrocarbons  in  non-oiled 
surface  sediments. 


222 


CO 

o 

u_ 

X 

DC 


C 

o 

-O 

u 

o 

I— 

-a 
> 

X 

T3 


C 

D 
c 


■o 

CO 

CD 
(J 
CTJ 


3 
CO 


suyaio 

sauadJ8iu_L 


SI  t 


1 


CD 
U 
03 
M- 

S- 
13 
CO 

M- 
O 

c 
o 

•r— 

-M 
CJ 

rc 

S- 


o 


E 
o 

s- 

fO 


CO 


CD 

o 

CD 
+-> 
03 

S- 
=3 
4-> 
03 
CO 


CD 
CJ 

Q. 


S- 

CX> 

O 

-M 

ns 

E 

O 

u 

co 
rc 
CT) 


rc 

+-> 

U 

c 

CD 

i/> 

E 

(T) 

•r- 

fO 

"O 

CD 

^ 

CO 

CD 
CD 


223 


6£0-u 


SI 


CD 
CM 
O 
LL 

r-~ 

O 

X 


c 
o 

-O 

i_ 
CO 
CJ 

O 

1__ 

> 

I 

■D 

^ 
co 

i_ 

13 

co 
00 


UO-u 


9L3-u 


< 


oiuaboig 


c 
o 

co 

CJ 

O 
l_ 

"D 
> 

X 


Q. 

C 

4— 
— 

o 

T3 
CD 
-t-» 
CO 
L. 

ZS 

4-J 

co 

to 

C 

D 

QQ 


oiuaBoig 


_       SI 


CO 

E 
o 


SI 


O! 


■o 

CD 

CO 

<D 
CJ 
03 

S- 
=3 

co 

■D 
CD 
4-> 

CJ 
rO 
Q. 

E 
•i — 

i 

c: 
o 

-Q 

03 
CJ 
O 

S- 


3 

CD 

o 
s- 
+-> 
o> 

D.. 


o 

CO 

E 
re 
S_ 
cn 
O 
+J 
ro 
E 
O 

sz 

CJ 

oo 
ro 

cn 

rD 


CL 

n3 

CJ 

co 
in 

ro 

CD 


00 

CD 

S- 
13 

cn 


224 


Table  3.  Aromatic  hydrocarbon   levels   in  surface  sediment 
(10-9  g/g  dry  wtj. 


Station 

Total  Pa 

Total 
DBTb 

m/e: 
202C 

m/e: 
228^ 

m/e: 
252^ 

RIX  7-1 
7-2 

8 
13 

16 
36 

<1 

n.d. 

<1 

n.d. 

2 

5 

RIX  10-1 
10-2 

6 

10 

13 
13 

— 

— 

5 
2 

RIX  12-1 
12-2 

2f 
<lf 

n.d. 
n.d. 

2 
<1 

2 

13 
10 

RIX  14-1 
14-2 

-- 

— 

3 
2 

1 

14 
7 

RIX  22 

3f 

n.d. 

12 

8 

42 

RIX  30 

6 

13 

3 

3 

25 

RIX  4 

-- 

-- 

1.5 

-- 

-- 

aTotal  P  =  phenanthrene  and  alkyl  phenanthrenes  (C1-C4). 

^Total  DBT  =  dibenzothiophene  and  alkly  dibenzothiophenes  [C\- 
C3). 

cm/e:  202  =  fluoranthene  and  pyrene. 

dm/e:  228  =  benzanthracene  and  chrysene. 

em/e:  252  =  benzofluoranthene,   benzo(e)pyrene,   and   benzo(a)- 
pyrene  and  perylene. 

^Comprised  mainly  of  unsubsti tuted  phenanthrene  and  small 
quantity  of  methlyphenanthrene  (m/e  178  and  192,  respec- 
tively). 
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times  greater  than  the  PAH  compounds.  However,  the  unsaturate  fraction  of  oil- 
impacted  sediments  contains  UCM  material  that  is  quantitatively  the  most  impor- 
tant group  of  compounds  present  in  the  samples.  While  the  saturate  fractions 
of  oiled  sediments  contain  resolved  (peaks)  features  readily  identifiable  with 
a  petroleum  source,  the  f\  UCM  accounts  for  the  majority  of  the  concentration 
of  this  fraction. 

We  attempted  to  determine  a  pentacyclic  triterpane  "fingerprint"  (Pym  et 
al . ,  1975)  of  the  IXTOC-I  oil  and  to  follow  this  relatively  stable  fingerprint 
as  weathering  proceeded  in  the  water  column  and  in  petroleum-impacted  sediment 
(Boehm  et  al . ,  1980b;  Atlas  et  al . ,  1980).  However,  mass  spectral  searches 
for  the  m/e  =  191  fragments  associated  with  the  hopane  series  yielded  only  a 
weak  fingerprint  with  prominent  norhopane  and  hopane  compounds.  Though  all  of 
the  oil-impacted  sediment  exhibited  a  similar  distribution  of  hopane  compounds, 
so  did  several  of  the  sediments  classified  as  "clean"  due  to  the  preponderance 
of  marine  and/or  terrigenous  aliphatic  hydrocarbon  inputs.  Therefore,  in  this 
instance  we  must  assume  that  chronic  petroleum  and/or  biogenic  hydrocarbon 
inputs  to  the  study  region  have  left  a  refractory  hopane  fingerprint  on  the 
sedimentary  geochemistry  which,  in  combination  with  \/ery  low,  nondiagnostic 
quantities  of  hopanes  in  the  IXTOC-I  oil,  precludes  the  use  of  pentacyclic  tri- 
terpanes  as  passive  chemical  source  markers  for  this  oil. 

3.3  Sediment  Traps 

Several  of  the  sediment  trap  composite  samples  analyzed  do  contain  signif- 
icant traces  of  what  are  believed  to  be  actively  sedimenting  petroleum-hydro- 
carbon-bearing particulates.  Both  trap  arrays  deployed  in  the  surface  slick 
plume  at  PIX  08  (composites  of  traps  at  2.5,  5,  and  15  m),  the  combined  5-m  and 
15-m  traps  at  PIX  14,  and  the  array  at  PIX  15  contained  detectable  saturate 
hydrocarbon  material  primarily  of  a  petroleum  origin  and  likely  associated  with 
IXTOC-I  oil.  Figure  10  illustrates  the  nature  of  the  captured  material,  which 
appears  to  consist  of  undegraded,  physically/chemically  weathered  (primarily 
evaporation)  IXTOC-I  oil.  The  n-alkane  distribution  appears  to  be  quite  simi- 
lar to  the  filtered  particulate  oil  (Figure  5)  and  to  the  oil  in  sediments  from 
nearby  RIX  07  and  RIX  10.  Two  noteworthy  differences  are  apparent.  The  sedi- 
mentary petroleum  hydrocarbon  distribution  appears  to  be  richer  in  naphthenic 
(cyclic  saturate)  material  in  the  UCM  than  the  trapped  particulates,  presumably 
due  to  the  lack  of  observed  biodegradation  in  the  water  column  and  its 
increased  role  in  the  benthos.  Secondly,  the  presence  of  phytoplanktonic 
material  in  the  traps  is  signified  by  the  prominence  of  n-Ci5  (pentadecane)  and 
n-Ci7  (heptadecane)  in  the  saturate  capillary  GC  trace  (Clark  and  Blumer, 
1967).  Neither  the  filtered  particulate  nor  the  sediment  hydrocarbons  in  the 
blowout  region  show  a  planktonic  influence,  presumably  due  to  masking  by  other 
more  abundant  compounds.  Filtered  particulates  in  control  areas  do  contain 
phytoplanktonic  hydrocarbons  as  the  primary  hydrocarbon  input  to  the  suspended 
particulate  fraction  (Boehm  and  Fiest,  this  symposium).  Instead,  the  sediments 
containing  petroleum  appear  to  be  influenced  by  a  combination  of  petroleum  and 
terrigenous  biogenic  inputs  (n-C23,  n-C25,  n-C29,  n-C3i).  Although  there  is  no 
direct  evidence  for  the  association  of  oil  with  suspended  mineral  matter  in  the 
water  column   (Nelsen,   this  symposium),   the  observed  presence  of  small 
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quantities  of  grayish  carbonates  in  the  traps  suggests  a  possible  association 
of  suspended  minerals  with  oil,  resulting  in  their  sinking.  GC/MS  examination 
of  the  aromatic  (unsaturate)  hydrocarbon  fraction  of  the  sediment  traps 
revealed  no  detectable  aromatic  hydrocarbons,  due  undoubtedly  to  the  very  small 
amount  of  material  captured  rather  than  to  any  chemical  fractionation  process. 

The  absolute  concentration  of  petroleum  on  the  trapped  hydrocarbon-bearing 
particulates  is  difficult  to  determine.  The  weight  of  trapped  material  was  not 
measured  due  to  fear  of  contamination  and  losses.  However,  we  estimate  that 
particulates  in  the  traps  ranged  from  10  to  50  mg.  Absolute  quantities  of  oil 
in  the  traps  ranged  from  50  to  250  /zg  (8  hours  after  capture).  Therefore,  in 
those  traps  containing  petroleum  concentrations,  the  particulates  may  contain 
on  the  order  of  1-25  pig  petroleum  hydrocarbons/mg  settling  particles,  or  the 
equivalent  of  1-25  mg/g.  Assuming  a  150  cnr  cross-sectional  area  of  capture 
(the  area  of  the  openings  of  three  jars/traps),  and  assuming  ideal  capture,  a 
vertical  flux  of  1-5  /ig/cm^/day  of  oil  is  estimated.  Admittedly,  much  uncer- 
tainty is  associated  with  these  calculations. 


4.  DISCUSSION 


In  our  study  of  sedimenting  petroleum-bearing  particulates  following  the 
TSESIS  spill  (Boehm  et  al . ,  1980a;  Johansson  et  al .  ,  1980;  Linden  et  al . , 
1980),  two  important  factors  emerged.  First,  oil  transported  recently  to  the 
sediment  initially  resides  in  the  top  few  millimeters  of  the  sediment,  actually 
in  the  sediment  floe.  Conventional  sediment  sampling  devices  are  nearly  inef- 
fectual in  sampling  this  floe,  as  both  sampler  "bow  waves"  (corers  and  grabs) 
blow  the  floe  aside  and  material  may  be  lost  in  bringing  grab  samples  on  board. 
Hence,  the  TSESIS  field  study  confirmed  findings  of  the  MERL  experiments  (Gear- 
ing et  al . ,  1979).  Secondly,  rapid  biodegradation  was  observed  to  greatly 
affect  the  composition  of  the  TSESIS  sediment-trap  hydrocarbons.  The  same  bio- 
degraded  pattern  was  found  in  the  benthic-deposi t-feeding  bivalve  (Macoma) , 
which  feeds  on  detritus  in  the  top  few  millimeters  of  sediment. 

Great  care  was  exercised  in  obtaining  sediment  samples  and  grab  subsamples 
aboard  the  R/V  RESEARCHER.  However,  the  determined  concentrations  of  petroleum 
hydrocarbons  in  the  sediment  must  be  viewed  as  a  result  of  a  composite  of  the 
top  3-4  cm  of  sediment,  which  probably  actually  obscures  a  decreasing  concen- 
tration gradient  from  surface  to  3-4  cm  and  artificially  lowers  surface  sedi- 
ment (0-0.5  cm  depth)  concentrations.  This  fact  has  a  bearing  on  determina- 
tions of  both  the  areal  extent  of  sedimentary  impact  of  the  IXT0C  blowout  and 
that  part  of  the  overall  mass  budget  dealing  with  the  offshore  benthic  sink. 
Furthermore,  no  bottom  sediment  samples  were  collected  directly  west  or  north- 
west of  the  well,  the  direction  in  which  significant  quantities  of  the  oil  had 
traveled  prior  to  this  cruise.  For  the  purpose  of  calculating  a  budget,  we 
assume  a  30-km  radius  of  detectable  oil  in  the  benthos,  a  depth  of  penetration 
into  the  sediment  of  0.5  cm,  and  a  conservative  mean  concentration  in  the  top 
0.5  cm  of  150  /Ltg/g  (i.e.,  no  oil  in  the  0.5-  to  3-cm  layer).  Higher  concentra- 
tions of  oil  in  sediments  probably  can  be  found  closer  to  the  blowout  source, 
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and  levels  undoubtedly  increased  from  September  to  March  of  1980  before  the 
well  was  capped. 

The  budget  summary  presented  in  Table  4  indicates  that  a  small  percentage 
of  oil  is  accountable  in  the  offshore  sediments.  This  value  includes  material 
directly  transported  to  the  offshore  benthos  but  does  not  include  that  material 
in  the  nearshore  subtidal /offshore  bar  system  transported  as  a  result  of 
landfall  followed  by  beach  erosion  and  offshore  deposition.  This  latter  sink 
for  IXTOC-I  oil  is  probably  an  order  of  magnitude  higher  than  for  the  offshore 
direct  water-column-to-benthos  transport. 

The  possibility  that  petroleum  observed  in  the  sediments  was  associated 
with  pre-blowout  drilling  and  lubricating  mud  discharges  in  the  area  cannot  be 
entirely  ruled  out.  However  it  seems  unlikely  in  light  of  the  detected  pre- 
sence of  oil  in  the  newly  sedimenting  water  column  hydrocarbon-bearing  particu- 
lates. 

That  the  actively  settling  material  is  undegraded  seems  remarkable  in 
light  of  findings  on  TSESIS  (Boehm  et  al . ,  1980a)  and  AMOCO  CADIZ  spills 
(Calder  et  al . ,  1979),  both  of  which  indicated  that  rapid  biodegradation 
altered  the  composition  of  oil  shortly  after  introduction  into  the  marine  sys- 
tem. However,  findings  of  this  work  indicate  that  rapid  biodegradation  in  some 
environments,  perhaps  limited  by  available  nutrients,  cannot  be  assumed  to 
occur.  Chemical  (photochemical)  weathering  at  the  sea  surface  and  physical 
chemical  weathering  (evaporation/dissolution)  in  the  water  column  are  the  domi- 
nant, if  not  the  only,  weathering  processes  affecting  the  oil's  aromatic  and 
aliphatic  composition  within  a  100-km  radius  of  the  blowout  (this  study)  and 
along  the  entire  path  of  slick  movement  (Laseter  and  Overton,  this  symposium; 
Patton  et  al . ,  1980).  Biodegradation,  albeit  quite  slow,  is  occurring  in  the 
sediments.  The  extent  of  weathering  of  oil  in  the  sediments  3  months  after  the 
initial  blowout  approximates  that  observed  in  AMOCO  CADIZ  oil -impacted  subtidal 
and  intertidal  sediments  within  a  few  weeks  of  deposition  (Boehm  et  al . , 
1980b;  Calder  and  Boehm,  1980;  Atlas  et  al . ,  1980),  thus  confirming  the 
retarded  extent  of  biodegradation  associated  with  all  aspects  of  the  IXTOC-I 
spill.  The  entire  system  seems  nutrient-limited,  thus  accounting  for  impercep- 
tible compositional  changes  due  to  microbial  utilization  of  hydrocarbons.  Sig- 
nificant biodegradation,  however,  did  occur  when  petroleum  particles  became 
associated  with  land-derived  plant  matter  and  the  decomposition  of  water-borne 
plants  "feeding"  the  microbial  degradation  process  on  a  microscale  (Boehm  and 
Fiest,  this  symposium). 

Results  from  the  sediment  trap  samples  indicate  that  all  mechanisms  of 
transport  of  oil  to  the  benthos  appear  to  depend  on  the  association  of  dis- 
persed oil  with  phytoplankton  by  adsorptive  processes.  Indeed,  the  water  col- 
umn of  the  region  appeared  to  be  heavily  influenced  by  living  and  detrital  par- 
ticulates at  the  time  of  sampling.  Concentrations  of  suspended  particulate 
matter  are  estimated  to  be  on  the  order  of  100  jj.g/1  (Harvey,  personal  communi- 
cation), with  Secchi  disc  readings  of  5  m  as  compared  to  normal  Gulf  of  Mexico 
blue  water  with  disc  readings  of  20  m  or  greater.  The  plankton/oil  association 
could  result  from  sorption  of  plankton  on  small  oil  droplets,  resulting  in 
increased  density  and  hence  sinking,  or  from  ingestion  of  plankton  and  oil  by 
zooplankters  followed  by  fecal  pellet  transport.    One  or  both  of  these 
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Table  4.  Summary  of  mass  budget  for  oil  in  sediments. 


Estimated  impact  radius  30  km 

Mean  concentration  of  oil  in  top  150  jug/g  dry  weight 
0.5  cm 

Specific  gravity  of  dry  sediment  4  g/cm3 

Total  IXTOC-I  petroleum  in  sediment"  8.7  x  109  g 
at  the  time  of  sampling 

Volume  of  oil  spilled  140  x  106  gallons  =  550  x  109  cm3 

Density  of  oil  1  g/cm3 

Total  weight  of  oil  spilled  =  550  x  109  g 

Percent  of  spilled  oil  in  offshore  =  8.7  x  109/550  x  109  =  1.5%  of  spil 

sediments  lage 
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mechanisms,  in  addition  to  some  association  of  petroleum  with  suspended  (or 
resuspended)  minerals  in  the  water  volume,  result  in  sedimentation  of  a  small 
percentage  of  the  oil.  In  contrast,  Kolpack  et  al .  (1971)  documented  the 
sorption  of  oil  from  the  Santa  Barbara  blowout  onto  terrigenous  riverine  sus- 
pended particulates  followed  by  large-scale  sedimentation  of  oil. 

Clearly,  the  phenomenon  of  sedimentation  of  oil  from  tanker  spills  and 
offshore  blowouts  involves  association  of  petroleum  with  available  suspended 
particulates.  The  nature  of  the  particulates  (organic  versus  mineral),  their 
surface  area  and  concentration,  result  in  a  variety  of  scenarios  both  for  the 
transport  of  water-borne  petroleum  hydrocarbons  to  the  offshore  continental 
shelf  benthic  environment  and  for  their  potential  impact  on  sediment-dwelling 
detri tovores.  In  these  environments,  suspended  sediment  or  living  particulate 
material  must  exceed  100-500  jug/1  before  significant  (greater  than  a  few 
percent)  quantities  of  oil  are  transported  to  the  benthos. 

5.   CONCLUSIONS 


The  study  of  sedimentation  processes  acting  to  transport  IXTOC-I  oil  to 
the  offshore  benthos  illustrates  that: 

(1)  Minor  quantities  of  the  total  oil  spilled  (0.5-3%)  may  reside  in  sur- 
face sediment  layers  within  50  km  of  the  blowout  site. 

(2)  Oil  in  the  sediments  is  only  marginally  degraded  by  marine  bacteria 
but  has  been  weathered  substantially  by  physical /chemical  processes. 

(3)  Concentrations  of  oil  in  sediments  were  detected  as  high  as  100  ppm 
but  probably  are  much  higher  closer  to  the  well  and  in  the  top  layer  (0-10  mm) 
of  sediment. 

(4)  Actively  sedimenting  particles  captured  in  trap  arrays  indicate  that 
a  significant  amount  of  sedimenting  oil  is  associated  with  phytoplanktonic 
material . 

(5)  The  magnitude  of  direct  transport  of  oil  to  the  benthos  agrees  well 
with  that  predicted  by  the  model  of  Mackay  et  al .  (1979). 
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1.  INTRODUCTION 

Most  authorities  have  concluded  that  the  combined  processes  of  evaporation 
and  dissolution  are  responsible  for  the  most  significant  loss  of  lower-molecu- 
lar-weight hydrocarbons  (up  to  n-Ci2)  from  crude  oil  that  has  been  spilled  into 
open  waters  (Clark  and  Brown,  1977;  Clark  and  MacLeod,  1977;  Karrick,  1977; 
McAuliffe,  1977a;  Wheeler,  1978).  Numerous  investigations  have  suggested  from 
observation  that  the  majority  of  these  lighter  components  of  oil  are  rapidly 
and  effectively  lost  to  the  atmosphere  by  evaporation  relative  to  their  dis- 
persal by  dissolution  into  the  subsurface  water  column  (Calder,  1979;  Harrison 
et  al . ,  1975;  McAuliffe,  1977a  and  b;  Regnier  and  Scott,  1975;  Smith  and 
Mclntyre,  1971).  However,  virtually  all  of  the  data  indicating  the  relative 
importance  of  evaporation  over  dissolution  have  been  collected  from  surface 
open-water  spills  in  which  the  crude  oil  being  acted  upon  is  confined  to  rela- 
tively limited  contact  with  the  bulk  water  column. 

The  IXTOC-I  blowout  represents  a  major  subsurface  "spill"  in  which  a  tre- 
mendous amount  of  oil  was  released  at  depth,  increasing  its  exposure  to  the 
water  column.  Because  many  of  the  same  properties  and  parameters  affect  both 
dissolution  and  evaporation  (e.g.,  molecular  size,  molecular  polarity,  sea  con- 
ditions, atmospheric  conditions),  an  important  question  in  such  a  case  is  that 
of  the  relative  partitioning  of  lower-molecular-weight  fractions  between  evapo- 
rative loss  and  solubilization  throughout  the  water  mass.  Our  approach  to  this 
question  was  to  determine  whether  certain  compounds  were  preferentially  dis- 
solved or  evaporated  compared  to  others  and  to  determine  the  net  relationships 
between  compound  solubility/volatility  and  compound  partitioning  preference 
under  the  conditions  encountered  in  the  post-IXTOC-I   environment. 

The  results  presented  here  represent  volatile  hydrocarbon  data  from  sam- 
ples of  air  and  subsurface  water  collected  along  a  24-mile  down-plume  transect 
from  the  IXTOC-I  wellhead.  Sampling  was  performed  on  the  NOAA  RESEARCHER/G.  W. 
PIERCE  cruise  between  September  18  and  21,   1979. 

2.  EXPERIMENTAL  METHODS 


2.1  Field  Sampling  Techniques 

Volatile  hydrocarbons  were  sampled  from  the  ambient  air  1.5m  above  the 
slick  (or  water  surface)  by  vacuum-pumping  measured  volumes  of  air  through 
1/8  in.  ID  x  12  in.  long  stainless  tubes  packed  with  Tenax  GC  polymer.  At  each 
station  two  tubes  were  connected  in  series  with  Swagelock  fittings,  and  prior 
to  and  immediately  after  sampling  all  tubes  were  sealed  with  Swagelock  endcaps 
and  plugs.  Sampling  was  achieved  by  using  a  Gast  Mfg.  Corp.  vacuum  pump 
attached  to  the  Tenax  traps  via  flow  regulators  and  flexible  Teflon  tubing. 

The  traps  were  positioned  over  the  windward  gunwale  of  the  PIERCE,  forward 
of  the  main  engine  exhaust  stacks,  and  a  telltail  was  positioned  above  the 
traps  to  monitor  prevailing  wind  direction  at  all  times  during  sampling. 


240 


Before  obtaining  each  sample,  the  system's  flow  velocity  was  checked  with  a 
bubble  flow  meter.  Approximately  1/2-hour  samples  (accurately  timed)  were 
obtained  at  flow  rates  ranging  from  20  to  30  ml/min;  thus,  sample  volumes 
ranged  from  600-900  ml. 

Water  samples  for  analysis  of  dissolved  lower-molecular-weight  aliphatic 
and  aromatic  hydrocarbons  were  obtained  by  bucket  casts,  and  subsamples  were 
taken  in  Pierce  septum-capped  vials  for  subsequent  purge  and  trap  analysis  by 
GC/MS  techniques  similar  to  those  developed  by  Bellar  and  Lichtenberg  (1974) 
and  others. 

Following  collection,  the  water  samples  were  refrigerated  (no  preserva- 
tives were  added),  and  they  were  maintained  at  3°C  during  shipment  and  storage 
before  analysis.  The  plugged  stainless-steel  Tenax  traps  were  stored  at  ambi- 
ent temperature  until   analysis. 

2.2     Analytical  Techniques 

2.2.1     Heat  Desorption  GC/MS  Analysis  of  Tenax  Columns 

The  Tenax  air  samples  were  analyzed  by  heat  desorption  followed  by  gas 
chromatography /mass  spectrometry  using  a  Finnigan  4021  quadrupole  instrument. 
The  GC/MS  desorption  was  accomplished  by  installing  the  Tenax  traps  in  a  Tekmar 
liquid  sample  concentrator  (LSC-2). 

At  the  time  of  desorption  (5  min.  at  180°C  at  20  ml/min  He  flow)  the  gas 
chromatographic  column  (packed  6  ft.  x  22  mm  I.D.  SP-1000)  and  oven  were  cryo- 
genically  cooled  to  30°C.  Following  desorption  the  oven  was  programmed  rapidly 
(30°C/min)  to  100°C  and  then  from  100°C  to  200°C  at  10°C/min.  The  final  tem- 
perature of  200°C  was  held  for  the  duration  of  the  chromatographic  run.  A  GC 
column  flow  rate  of  20  ml/min  He  was  also  used  and  the  injector  temperature  was 
held  at  200°C. 

The  effluent  from  the  gas  chromatograph  passed  through  a  glass  jet  separa- 
tor for  enrichment  and  then  directly  into  the  ion  source,  operated  in  the  elec- 
tron impact-mode  at  300°C.  Spectra  were  acquired  by  operating  the  ion  source 
at  70eV  from  35  to  300  amu  in  1.95  sec.  A  hold  time  of  0.05  sec  was  used  to 
allow  the  electronics  to  stabilize  before  the  next  scan.  The  ion  source  was 
tuned  for  maximum  sensitivity  with  perfluorotributyl amine.  The  ion  fragments 
at  m/e  69  and  m/e  219  were  calibrated  to  give  a  2.5:1  ratio;  the  electron 
multiplier  was  operated  at  1600V  with  the  preamplifier  gain  at  10~?  amps/volt. 

Data    acquisition   was    initiated    at    the   moment   of   desorption.      Typically, 
900-1000  scans  were  acquired  for  each  data  file. 
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2.2.2  Purge  and  Trap  GC/MS  Analysis  for  Volatiles  in  Water 

The  water  samples  stored  in  Pierce  vials  were  allowed  to  come  to  room  tem- 
perature and  5 -ml  aliquots  were  withdrawn  and  injected  into  the  purge  device  of 
the  LSC-2.  Before  purging,  100  ng  each  of  three  internal  standards,  dichloro- 
butane,  (m/e  55),  bromochloromethane  (m/e  130),  and  bromochloropropane  (m/e  77) 
were  added.  This  allowed  correction  of  recovered  values  for  matrix  effects  and 
negated  differences  in  ionization  potential,  lens  voltage,  etc.,  among  runs. 

Instrumental  conditions  were  identical  to  those  described  for  Tenax  column 
analysi  s. 

2.2.3  Data  Reduction 

Two  methods  of  quantitation  were  used  for  determining  concentrations  of 
volatile  hydrocarbons.  First  the  base  peak  ionization  was  summed  from  GC-mass 
chromatograms  as  shown  in  Figure  1  by  scanning  the  temperature-programmed  GC 
run  specifically  at  the  molecular  ion  or  base  peak  of  the  compound(s)  of  inter- 
est. 

Base  peak  areas  and  mass  spectra,  together  with  standard  compound  reten- 
tion times,  were  used  as  the  basis  for  compound  identifications.  The  equation 
used  for  calculation  of  individual  hydrocarbon  concentration  levels  is: 


peak  area  reference 

Component  concentration     of  component  X  concentration 


(ng/g  or  ug/L) 


reference       response 
peak  area    X  factor 


In  the  case  of  the  Tenax  trap  (air)  samples,  a  certain  amount  of  pre-sam- 
pling  calibration  had  to  be  conducted  in  order  that  proper  data  reduction  could 
be  performed.  Before  preparing  for  the  field  experiments,  a  series  of  recovery 
tests  were  completed  using  several  organic  solvents  (including  benzene)  and  raw 
gasoline  as  substrates.  Figure  2  shows  the  reconstructed  ion  chromatograms 
obtained  on  the  "front"  and  "back"  columns  used  as  a  sampling  train  in  this 
study.  Mass  chromatograms  A  and  D  in  Figure  2  clearly  show  the  presence  of 
benzene  and  toluene  trapped  on  the  front  column  (note  m/e  78  and  91),  whereas 
the  mass  chromatograms  of  the  secondary  (back)  columns  in  Figure  2  (B  and  E) 
show  the  lack  of  any  breakthrough  using  a  1/2-hour  sampling  period  at  a  flow 
rate  of  20  ml/min.  When  actual  field  samples  were  analyzed,  however,  some 
breakthrough  of  lower-molecular-weight  aliphatic  and  cycloalkane  compounds  did 
occur.  As  a  result,  all  of  the  data  presented  in  this  report  were  generated 
from  the  sum  of  the  compounds  isolated  in  the  front  and  back  columns. 

During  the  period  of  Tenax  air  sampling,  the  ambient  air  temperature  var- 
ied from  25  to  28°C.   Barometric  pressure  recorded  on  September  19  ranged  from 
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Figure  2.  Reconstructed  ion  chroma tog rams  obtained  from  heat  desorbtion  of  Tenax 
columns  used  for  trapping  of  volatile  aromatic  hydrocarbons  from  gasoline. 
A.  front  column  obtained  from  5  min  air  sample  at  30  ml/min;  B.  secondary 
backup  column  from  A;  C.  mass  spectrum  from  scan  number  397  from  A  identi- 
fying component  as  benzene;  D.  30  min  air  sample  from  gasoline  sample  after 
5  hr  of  exposure  to  atmospheric  conditions  (front  column)  E.  secondary 
column  from  D  above;  and  F.  Tenax  blank. 
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765  to  767  mm  (Hg)  and  records  from  the  PIERCE  indicate  that  the  barometric 
pressure  may  have  varied  from  a  low  of  757  mm  to  a  high  of  767  mm  (Hg)  over  the 
total  time  of  the  cruise.  In  calculating  the  concentrations  of  hydrocarbons  in 
the  air  samples,  the  density  of  air  was  determined  for  these  ranges  of  tempera- 
ture and  barometric  pressure,  and  a  mean  density  0.001181  g/ml  was  derived. 
Differences  in  density  due  to  fluctuations  in  temperature  and  atmospheric  pres- 
sure over  the  range  encountered  result  in  a  maximum  variance  of  less  than  2%  in 
the  calculated  concentration  data.  For  this  reason  the  individual  air  sample 
concentrations  were  not  corrected  for  the  temperature  and  barometric  pressure 
at  the  exact  time  of  sampling.  Corrections  for  atmospheric  humidity  were  not 
made. 

Standards  for  both  the  air  samples  and  water  samples  were  run  daily  and 
relative  response  factors  were  generated  for  pentane,  thiophene,  benzene,  hex- 
ane,  iso-octane,  toluene,  ethyl  benzene,  xylene  (all  three  isomers),  styrene, 
nonane,  and  dichloromethane.  Rentention  times,  scan  numbers,  and  relative 
response  factors  (compared  to  the  internal  standard,  dichlorobutane)  for  these 
compounds  are   shown  in  Table  1. 

All  concentration  data  are  reported  as  either  ng/g  air  (Tenax  samples)  or 
ug/L  seawater. 

3.   RESULTS 


Figure  3  shows  the  station  locations  of  the  PIERCE  during  the  3-day, 
24-mile  down-plume  transect.  The  majority  of  stations  were  occupied  on  one  day 
(19  September).  Background  air  samples  were  obtained  northwest  of  the  Yucatan 
Peninsula  at  station  PIX  01  on  15  September,  and  additional  near-wellhead  sam- 
ples were  collected  both  west  and  east  of  the  blowout  site,  at  various  dis- 
tances, on  18  and  21  September. 

Figure  4  (A  and  B)  shows  the  reconstructed  ion  chromatograms  with  compound 
identifications  for  the  front  and  back  Tenax  columns  obtained  from  station  PIX 
11,  located  at  6.2  miles/40o  true  from  the  wellhead.  The  qualitative  spectrum 
appearance  and  compound  identifications  shown  in  Figure  4  indicate  that  the 
majority  of  materials  were  trapped  on  the  front  column,  with  approximately  171;: 
overall  breakthrough  onto  the  secondary  trap.  (If  17%  breakthrough  on  the  sec- 
ondary trap  occurred,  then  overall  trapping  efficiencies  are  still  greater  than 
95%.)  Compound  identifications  were  made  by  comparing  the  mass  spectrum  of 
each  major  component  to  NBS/NIH  library  spectra  contained  in  the  INCOS  data 
system  of  the  Finnigan  4021  GC/MS.  Rest  fits  in  connection  with  retention  time 
reproducibility  were  the  criteria  used  for  absolute  compound  identifications. 

Figure  5  presents  the  reconstructed  ion  chromatogram  of  the  water  sample 
(PIX  11E114)  obtained  at  a  depth  of  1  m  with  a  Go-Flo  sampler  simultaneously 
with  the  air  sample  shown  in  Figure  4.  Clearly,  the  major  components  in  the 
water  sample  are  benzene,  bromochloromethane  (internal  standard),  methylpen- 
tane,  toluene,  xylene  isomers,  and  an  extraneous  breakdown  product  from  the 
Tenax  trap.  Table  2  presents  the  reduced  data  for  all  of  the  Tenax  air  samples 
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Figure  4.  Reconstructed  ion  chromatograms  for  the  "front 
Tenax  columne  collected  at  Station  PIX  11  (6.2 
IXTOC-I  wellhead). 
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toluene,  xylene,  and  nonane  are  nearly  identical  to  the  nearer-source  (PIX  10) 
values  obtained  several  days  earlier. 

PIX  11S001  (air  from  3.2  miles  east  of  the  wellhead)  was  obtained  while 
the  vessel  was  in  a  heavy  slick,  which  emitted  a  ^ery  strong  oil  odor,  for  the 
first  twenty  minutes  of  sampling,  and  in  a  light  slick  for  the  last  ten  min- 
utes. The  concentrations  of  toluene,  ethyl  benzene,  xylene,  and  nonane  were 
higher  at  this  location  than  at  any  other  station  occupied.  PIX  11S002  (air 
from  4.3  miles  from  the  wellhead),  however,  was  obtained  over  an  area  charac- 
terized by  a  surface  oil  sheen  but  with  no  heavy  slick.  At  the  time  PIX  11S002 
was  collected,  the  PIERCE  was  nearing  the  northern  edge  of  the  heavy  oil  slick 
pi  ume. 

PIX  11S003  (air  from  6.2  miles  from  the  wellhead)  was  found  to  have  con- 
centrations of  volatile  hydrocarbons  similar  to  its  water  sample  counterpart 
collected  simultaneously,  and  to  those  collected  within  several  hundred  yards 
of  the  wellhead.  PIX  11S005  (air  from  7  miles  from  the  wellhead)  shows  essen- 
tially unchanged  (from  the  closer  stations)  volatile  hydrocarbon  distributions, 
while  the  dissolved  component  concentrations  were  found  to  be  depressed  as  the 
cruise  track  approached  the  more  northern  edge  of  the  surface  slick  area. 

By  the  time  station  PIX  12  was  occupied  on  19  September,  the  PIERCE  had 
left  the  direct  plume  (as  shown  in  Figure  7)  and  was  located  in  clear  water. 
During  this  transition,  the  sea  surface  conditions  went  from  having  a  light 
sheen  with  occasional  patches  of  oil  to  being  clear  water  with  no  visible 
sheen.  Wind  at  this  time  was  out  of  the  northwest  and  the  observable  slick  had 
taken  a  sharp  dogleg  track  along  approximately  120°  true,  leaving  the  PIERCE  in 
clear  water.  PIX  12  was  sampled  two  times,  and  in  both  cases  the  primary  com- 
ponents in  the  air  were  methyl pentane  (at  drastically  reduced  concentrations) 
with  traces  (less  than  3  ng/g)  of  toluene.  The  corresponding  water  samples 
obtained  at  this  station  contained  less  than  1.0  ug/L  of  methyl pentane  and  less 
than  0.5  ug/L  of  benzene,  toluene,  and  mixed  xylenes. 

Also  shown  in  Fiqure  6  are  depth  profiles  of  volatile  hydrocarbons  meas- 
ured at  1,  6,  and  20  m  at  PIX  11S003  (6.2  mile)  and  at  1,  6,  and  12  m  at  PIX 
12.  At  PIX  11S003,  benzene  and  toluene  concentrations  of  90  and  100  ug/L, 
respectively,  were  found  just  below  the  surface  of  a  relatively  heavy  slick. 
At  a  depth  of  6  m  these  concentrations  were  reduced  although  they  still 
approached  10  ug/L  at  a  depth  of  20  m.  At  PIX  12,  which  was  north  of  the 
plume's  track,  water-borne  concentrations  of  benzene  and  toluene  barely 
approaching  1  ug/L  were  observed  at  depths  of  6  and  12  m,  respectively. 

After  leaving  station  PIX  12,  the  PIERCE  was  directed  by  helicopter  back 
into  the  center  of  the  plume,  and  on  arriving  at  station  PIX  13  (17.8  miles 
east  of  the  wellhead),  additional  samples  were  collected.  The  air  samples  from 
PIX  13  clearly  show  the  elevated  levels  of  methyl pentane,  toluene,  ethylben- 
zene,  xylene,  and  nonane  which  were  characteristic  of  the  mid-slick  area  closer 
to  the  well.  Higher  levels  of  benzene  and  toluene  in  the  water  column  are  also 
readily  apparent.  At  the  beginning  of  the  collection  of  the  samples  at  PIX  13, 
there  was  a  strong  oil  odor  in  the  air  and  as  the  vessel  approached  the  center 
of  the  plume,  a  light  to  very  light  sheen  was  noted.  Small  oil  patches  and  oil 
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Figure  6.  Display  of  the  differential  partitioning  between  evaporation  and  dissolution 
for  selected  volatile  components  along  the  G.  W.  PIERCE  down-plume  transect. 
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droplets  were  also  observed  in  the  water.  The  sheen  was  predominantly  "sil- 
ver"; however,  occasional  colored  patches,  due  to  thicker  concentrations  of 
oil,  were  encountered. 

In  going  from  PIX  13  to  PIX  14  (22  miles  from  the  wellhead),  much  lower 
dissolved  hydrocarbons  were  found.  The  first  air  sample  from  PIX  14  was  col- 
lected with  the  hydrowinch  diesel  generator  running  in  order  to  see  whether 
exhaust  fumes  could  be  detected  as  possibly  being  responsible  for  some  of  the 
compounds  that  would  later  be  identified  in  the  laboratory.  The  Tenax  traps 
were  located  at  water  level,  however,  so  minimum  contamination  was  expected, 
and  the  only  component  found  in  the  sample  was  methyl pentane.  Following  shut- 
down of  the  diesel  generator,  a  second  sample  was  obtained  on  the  windward 
(westerly,  10-12  knots)  side  of  the  vessel.  The  major  component  in  this  sample 
again  was  methyl pentane,  although  approximately  8  ng/g  of  toluene  were  meas- 
ured. The  benzene  concentration  in  the  water  column  at  this  station  was  less 
than  2  \ig/L. 

On  21  September  the  PIERCE  re-occupied  the  location  between  9  and  10  miles 
due  east  of  the  wellhead  (PIX  12),  this  time  designated  PIX  15.  At  the  time 
PIX  15  was  sampled,  however,  the  slick  was  beginning  to  turn  to  120°  true  (as 
shown  in  Figure  8)  under  a  wind  of  12  knots  from  190°  true.  As  a  result,  while 
the  air  samples  obtained  at  PIX  15  contained  relatively  high  concentrations  of 
methyl  pentane,  toluene,  and  xylenes  that  were  being  released  from  the  surface 
and  were  entrapped  in  the  air  mass  blowing  across  the  width  of  the  slick,  rela- 
tively low  levels  of  hydrocarbons  were  found  in  the  corresponding  water  samples 
at  this  station  due  to  the  shifting  location  of  the  slick.  (Figure  9  shows  the 
direction  of  the  slick  later  during  the  same  day,  at  which  point  it  was  defin- 
itely headed  120°  true  and  the  wind  was  blowing  from  300°  true  at  14  knots.) 

4.  DISCUSSION 


The  major  loss  of  low-molecular-weight  components  from  crude  oil  dis- 
charged into  water  is  due  to  evaporation  and  dissolution.  These  processes 
occur  simultaneously  and  competitively,  and  understanding  their  relative  impor- 
tance under  different  conditions  is  a  key  part  of  evaluating  the  pathways  and 
fates  of  these  hydrocarbon  materials.  Since  in  an  aqueous  environment  greater 
harmful  impact  is  expected  from  chemical  components  actually  dissolving  in  the 
water  rather  than  from  those  that  escape  across  the  air/water  interface, 
insight  into  the  preferential  evaporative  loss  and  solubilization  of  specific 
aromatic  and  aliphatic  compounds  is  important. 

Under  equivalent  environmental  conditions  (e.g.,  wave  action,  air  and 
water  temperature,  wind  action),  preferential  partitioning  between  dissolution 
and  evaporation  should  depend  on  the  relative  component  characteristics  of 
vapor  pressure  and  solubility,  which  in  turn  rely  on  the  molecular  characteris- 
tics of  size,  weight,  and  polarity.  However,  in  the  typical  case  of  oil  being 
discharged  on  a  water  surface,  evaporation  has  been  found  to  exceed  dissolution 
by  several  orders  of  magnitude  just  because  of  the  large  differences  in 
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exposure  and  the  relative  diffusion  gradients  across  the  oil/air  interface  and 
the  oil /water  interface. 

Most  studies  of  offshore  surface  spills,  in  fact,  have  found  no  detectable 
amounts  of  truly  dissolved  light  hydrocarbons  (from  oil)  in  the  water  column 
(Harrison  et  al . ,  1975;  McAul iffe, 1977  b) .  One  exception  is  a  study  completed 
by  Koons  and  Brandon  (1975),  who  examined  levels  of  benzene  and  toluene  in  sea- 
water  at  Coal  Oil  Point,  California.  Here  the  subsurface  release  of  oil  from 
natural  seeps  has  been  estimated  to  be  between  50  and  100  bbl  per  day.  In  the 
vicinity  of  the  seeps  they  found  benzene  and  toluene  at  approximate  concentra- 
tions of  0.08  ug/L  each.  In  the  case  of  the  IXTOC  spill,  estimates  of  15,000 
to  30,000  bbl  per  day  have  been  made  for  the  amount  of  oil  released.  Extrapo- 
lating the  levels  found  by  Koons  and  Brandon  to  this  higher  amount  of  total  oil 
released  results  in  an  estimate  of  1.5  ug/L  in  ambient  water.  This  value  is 
similar  to  the  benzene  levels  measured  in  the  seawater  surrounding  the  IXTOC 
blowout  but  not  in  or  below  the  plume.  Our  levels  in  the  plume  were  signifi- 
cantly higher,  ranging  between  60  and  100  ug/L  depending  on  location. 

McAuliffe  (1977b)  has  studied  the  rate  of  loss  of  benzene  and  cyclohexane 
from  surface  slicks.  Benzene  and  cyclohexane  have  similar  vapor  pressures 
(95.5  and  97.8  mm  Hg,  respectively)  but  drastically  different  solubilities  in 
fresh  water  (1780  mg/L  benzene  and  55  mg/L  cyclohexane;  McAuliffe,  1966).  When 
McAuliffe  measured  the  rate  of  loss  from  the  surface  oil  slick,  benzene  and 
cyclohexane  were  found  to  be  removed  at  approximately  the  same  rates.  Harri- 
son et  al .  (1975)  have  conducted  a  similar  study  for  nonane  and  isopropylben- 
zene  and  found  equivalent  loss,  again,  as  a  result  of  surface  slick  evapora- 
tion. 

McAuliffe  (1977b)  examined  68  water  samples  collected  under  four  separate 
crude  oil  spills  and  found  trace  levels  of  C^  to  C-^q  hydrocarbons  in  only  five 
of  the  samples  analyzed.  In  the  case  of  a  Murban  crude  spill,  the  highest  con- 
centration of  hydrocarbons  was  60  ug/L  at  a  depth  of  5  feet  under  the  spill, 
but  this  occurred  after  wind-wave  agitation,  forcing  the  surface  slick  into  the 
water.  Studies  also  were  conducted  to  determine  the  maximum  concentrations  of 
benzene  and  toluene  from  Murban  crude  released  into  seawater  when  evaporation 
was  prevented,  and  benzene  concentrations  up  to  6,080  ug/L  and  toluene  concen- 
trations up  to  6,160  ug/L  were  found. 

To  our  knowledge  this  has  been  the  first  study  that  simultaneously  meas- 
ured concentrations  of  volatile  aromatic  and  aliphatic  hydrocarbons  in  the  air 
above  a  slick  and  in  the  subsurface  water. 

In  the  case  of  these  IXTOC  spill  studies,  however,  the  oil  was  released 

with  great  pressure  and  agitated  at  a  depth  of  60  m  below  the  surface.   Thus 

there  was  considerable  opportunity  for  the  more  soluble  materials  to  partition 
into  the  water  column. 

It  is  significant,  then,  that  dissolved  benzene  was  elevated  in  the  water 
column  while  the  air  sampled  above  the  sea  surface,  even  immediately  adjacent 
to  the  well  site,  contained  no  measurable  benzene.  In  contrast,  the  much  less 
soluble  aliphatic  materials  were  found  to  be  elevated  in  both  the  water  column 
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and  the  overlying  air.  Also,  the  airborne  concentrations  of  these  less  soluble 
components  exhibited  gradient  patterns  that  were  related  to  proximity  to  the 
well  site  and  to  intensity  of  the  surface  slick.  Only  toluene  reflected  the 
partitioning  preference  of  benzene,  although  to  a  lesser  extent. 

In  an  effort  to  further  elucidate  the  degree  of  differential  evaporation 
and  dissolution  of  benzene,  cyclohexane,  and  toluene,  a  series  of  controlled 
laboratory  experiments  was  conducted.  A  1-L  beaker  was  filled  with  seawater 
and  100  ul  each  of  cyclohexane,  benzene,  and  toluene  were  added  to  the  bottom 
of  the  container  with  vigorous  mixing.  Tenax  air  samples  were  collected  for 
one-half  hour  following  the  time  of  addition,  and  5-ml  water  aliquots  were 
taken  at  the  end  of  that  time  and  analyzed  by  the  purge  and  trap  technique. 
The  experiment  was  then  repeated,  with  100-ul  aliquots  of  cyclohexane,  benzene, 
and  toluene  being  added  to  the  surface  of  1  L  of  fresh  seawater  with  moderate 
mixing. 

The  data  from  both  experiments  are  presented  in  Table  3.  Subsurface 
release  of  the  components  with  mixing  showed  a  preferential  dissolution  factor 
of  24  for  benzene  compared  to  cyclohexane.  Likewise,  benzene  was  preferen- 
tially dissolved  into  the  water  by  a  factor  of  2.7  compared  to  toluene.  These 
values  yery  closely  parallel  the  relative  solubility  of  benzene,  toluene,  and 
cyclohexane  in  seawater  (independent  of  their  relative  vapor  pressures).  When 
cyclohexane,  toluene,  and  benzene  were  released  at  the  surface,  however,  the 
water-to-air  concentration  ratios  showed  a  two-order-of-magnitude  increase  in 
the  amount  of  cyclohexane  detected  in  the  air  relative  to  the  water,  and  a  500- 
fold  increase  in  the  ratio  of  benzene  released  to  the  air  as  opposed  to  the 
subsurface  water. 

These  data  tend  to  substantiate  our  findings  at  the  IXTOC  wellhead,  where 
the  oil  was  released  at  a  depth  of  60  m  with  a  great  deal  of  turbulence.  Even 
in  the  subsurface-release  laboratory  studies,  there  was  nevertheless  some  loss 
of  benzene  to  the  atmosphere  due  to  equilibrium  partitioning  at  the  water/air 
interface.  The  fact  that  similar  partitioning  into  the  atmosphere  was  not 
observed  in  the  field  is  not  unexpected.  In  the  areas  where  these  air  samples 
were  collected  (directly  above  the  slick)  the  oil  coating  may  have  acted  as  a 
barrier  preventing  equilibrium  partitioning  between  the  air  and  water  column. 
By  the  time  the  oil  reached  the  surface  to  form  a  slick,  its  benzene  concentra- 
tion had  been  drastically  reduced,  and  the  oil  then  effectively  formed  a  bar- 
rier that  would  not  allow  equilibrium  partitioning  between  the  water  column  and 
the  atmosphere  on  a  time  scale  measurable  under  the  experimental  conditions  in 
the  field.  Elevated  levels  of  benzene  in  the  smoke  plume  from  the  wellhead 
might  have  been  expected;  however,  during  the  sampling  period  on  the  PIERCE, 
the  vessel  never  was  in  the  direct  smoke  plume.  Significant  concentrations  of 
benzene  also  may  be  entrained  in  the  gas  that  was  released  from  the  well,  but 
this  too  would  be  directly  downwind  from  the  wellhead  where  samples  were  not 
obtained. 

The  concentrations  of  volatile  hydrocarbons  in  the  surface  slick  as  ana- 
lyzed by  Brooks  et  al .  (this  volume)  are  very  similar  and  very  low  for  benzene 
and  cyclohexane.  Their  water  column  data  show  greatly  elevated  levels  of  ben- 
zene compared  to  cyclohexane,  however,  suggesting  (as  our  data  do)  that 
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preferential  dissolution  of  benzene  and  toluene  is  occurring.  In  comparing  our 
water  column  data  to  those  of  Brooks  et  al . ,  the  same  general  trends  of 
decreasing  dissolved  aromatic  concentrations  with  distance  from  the  wellhead 
are  observed.  Absolute  concentrations  in  the  plume  are  different  by  as  much  as 
a  factor  of  three  in  some  instances,  but  this  possibly  reflects  different  meth- 
ods of  analysis.  Brooks'  quantitation  was  completed  by  a  purge  and  Tenax  trap 
of  2-L  samples  followed  by  flame  ionization  detection  gas  chromatography.  Data 
generated  in  our  study  were  from  purge  and  trap  treatment  of  5-ml  samples  fol- 
lowed by  heat  desorption  and  analysis  by  gas  chromatography--mass  spectrometry. 
Alternatively,  differences  in  Brooks'  and  our  measured  values  in  the  water  sam- 
ples beneath  the  plume  and  those  of  Brooks  et  al .  could  reflect  extreme  patch- 
iness  of  individual  components  within  the  water  column. 

In  conclusion,  eventual  evaporation  and  loss  to  the  atmosphere  of  the  ele- 
vated levels  of  benzene  and  toluene  may  occur,  but  our  data  do  not  indicate 
that  the  process  takes  place  to  an  appreciable  extent  after  these  water-soluble 
components  have  been  thoroughly  mixed  into  the  water  column.  Clearly,  if  ben- 
zene-enriched water  is  advected  to  depth,  elevated  concentrations  may  exist  in 
the  water  column  for  some  time.  Very  little  information  exists  on  natural  (or 
pre-IXTOC-I  ambient)  abundances  of  benzene  and  toluene  in  the  Gulf  of  Mexico. 
Concentrations  of  0.1  to  0.7  ug/L  of  each  were  reported  by  Koons  and  Monahan 
(1973)  around  offshore  Louisiana  drilling  fields;  the  open  Gulf  was  reported  to 
be  represented  by  0.3  ug/L. 

The  large-scale  impact  of  the  dissolved  benzene/toluene  elevation  is  dif- 
ficult to  fully  assess.  We  found  concentrations  of  both  benzene  and  toluene  in 
the  upper  water  column  of  from  1  to  4  ug/L;  some  correlation  was  seen  with  dis- 
tance from  the  well  site.  Very  limited  depth  profiling  was  performed;  most  of 
our  samples  came  from  the  upper  60  m  with  only  one  "deep"  sample  of  90  m. 
This,  coupled  with  the  tremendous  upper  water  column  mixing  caused  by  the  major 
hurricane  event  prior  to  sampling,  prevented  us  from  measuring  any  real  hori- 
zontal and/or  vertical  transport  trends. 
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ABSTRACT 


A  detailed  chemical  (GC,  GC/MS)  investigation  of  the 
concentrations,  compositions,  and  transport  paths  of 
saturated  and  aromatic  petroleum  hydrocarbons  in  surface 
oil,  surface  microlayer,  water  column  dissolved  and 
particulate  matter,  and  whole  waters  within  and  below  (0-20 
m)  a  surface  oil  plume  (~  60  km)  from  the  IXTOC-I  blowout  in 
the  Bay  of  Campeche  was  undertaken.  Surface  oil  weathering 
patterns  and  compositions  were  compared  to  those  of 
subsurface  oil  fractions  and  were  found  to  differ 
substantially.  Little  hydrocarbon  biodegradation  was 
observed  in  the  entire  study  area  except  for  specialized 
nutrient-enhanced  microenvironments.  Samples  of  surface 
microlayer  hydrocarbons  emanating  from  surface  mousse  were 
more  highly  weathered  and  exhibited  the  possible  presence  of 
significant  quantities  of  photo-oxidation  products. 

The  existence  of  relatively  unweathered  subsurface  oil 
plumes  at  considerable  (~  25  km)  distances  from  the  wellhead 
is  postulated  and  evidence  for  their  existence  examined  in 
detail.  Significant  quantitative  and  compositional 
gradients  exist  in  the  top  20  m  of  seawater  beneath  surface 
oil  plumes  and  marked  discontinuities  and  heterogeneities 
have  been  observed. 

The  use  of  two  diagnostic  chemical  weathering  ratios 
helps  to  sort  out  these  heterogeneities  and  to  examine  the 
differential  progressive  weathering  of  surface  oil/mousse 
and  subsurface  whole  waters  and  hydrocarbon-bearing 
particulates.  A  budget  for  discharged  oil  transported 
within  25  km  of  the  well  indicates  that  approximately  1%  may 
remain  in  the  water  column  for  considerable  distances  from 
the  wellhead. 
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1.   INTRODUCTION 


The  transport  processes  associated  with  the  movement,  weathering,  and 
biogeochemical  fates  of  petroleum  hydrocarbons  in  intertidal  and  subtidal 
environments  have  been  the  subject  of  many  research  efforts  in  recent  years. 
Most  of  these  studies  have  addressed  the  subject  of  oil  spills  on  the  sea 
surface  and  have  focused  on  the  acute  and  chronic  phases  of  spill  impact  on 
nearshore  environments  (e.g.,  METULA,  ARGO  MERCHANT,  TSESIS,  AMOCO  CADIZ). 
Only  a  'jery  small  portion  of  the  studies  conducted  during  the  early  acute 
stages  of  these  spill  events  addressed  alterations  in  water  column  chemistry 
(e.g.,  Grose  and  Mattson,  1977;  Calder  et  al.,  1978).  Offshore  platform 
blowouts,  in  contrast  to  tanker  spills,  continually  introduce  large  quantities 
of  petroleum  hydrocarbons,  sometimes  below  the  sea  surface,  until  capping 
operations  succeed.  The  dynamic  changes  in  the  seawater  chemistry  and  the 
potential  for  profound  biological  effects  to  occur  until  sufficient  dilution 
takes  place  remain  a  little  studied  and  hence  poorly  understood  aspect  of  oil 
spill  research. 

During  a  blowout,  large  shear  forces  (mixing)  tend  to  form  droplets  of 
varying  sizes  (Shaw  and  Reidy,  1979),  which  have  different  dissolution 
kinetics  and  produce  various  biological  effects.  Depending  on  size  and, 
hence,  on  buoyancy,  these  particles  may  remain  in  the  water  column  and  undergo 
compositional  changes  that  are  distinct  from  those  of  surface  oil.  These 
changes  may  have  a  marked  effect  on  potential  biological  damage. 

Knowledge  of  the  physical/chemical  dynamics  of  petroleum  hydrocarbon 
water  column  chemistry  during  and  after  a  blowout  comes  chiefly  from  the  work 
of  Brooks  et  al.  (1978)  on  low-molecular  weight  gaseous  and  light 
hydrocarbons;  from  Grahl-Nielsen  (1978),  Boehm  et  al .  (1980),  and  Boehm 
(1980)  on  high-molecular  weight  hydrocarbons;  and  from  McAuliffe  et  al . 
(1980)  on  the  transfer  of  oil  to  the  water  column  following  dispersant 
application  on  an  experimental  spill.  Physical-chemical  fractionation  has 
been  the  subject  of  numerous  laboratory  studies  (Zurcher  and  Thuer,  1978; 
Boehm  and  Quinn,  1975),  and  the  solubility  of  hydrocarbons  in  seawater  is  well 
known  (e.g.,  McAuliffe,  1966;  Eganhouse  and  Calder,  1976;  Sutton  and  Calder, 
1974,  1975). 

In  recent  years  several  important  oil  weathering  models  have  been 
presented  in  the  literature  that  attempt  to  mathematically  define  the  rates 
and  importance  of  the  various  significant  physical  (dispersion,  emulsifi- 
cation),  physical/chemical  (evaporation,  dissolution,  sorption),  chemical 
(photo-oxidation,  auto-oxidation),  and  biological  (hydrocarbon  utilization, 
degradation,  and  metabolism)  weathering  processes  (Mackay  and  Paterson,  1978; 
Leinonen  and  Mackay,  1977;  Mackay  et  al . ,  1979;  Kolpack  and  Plutchak,  1976; 
Mattson  and  Grose,  1979).  These  models  are  based  on  fundamental  relationships 
and  laboratory  studies.  There  have  been  few  cases  in  which  a  water  column 
chemistry  study  of  a  design  sufficiently  rigorous  to  test  such  predictive 
models  has  been  performed  during  the  acute  phases  of  an  oil  spill. 
Measurements  of  the  dynamically  changing  concentrations  and  detailed  compo- 
sitions of  hydrocarbons  in  various  compartments  in  the  water  column  (i.e., 
dissolved  and  particulate  states),  as  compared  to  surface  oil  compositions, 
are  required  to  refine  such  predictive  models.  Furthermore,  there  have  been 
virtually  no  attempts  to  relate  laboratory  toxicity  and  sublethal  stress 
studies  to  actual  measured  levels  of  individual  toxic  hydrocarbon  components 
in  the  field. 
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Although  difficult  to  accomplish,  it  is  extremely  important  to  sample 
both  particulate  and  dissolved  petroleum  hydrocarbons  and  to  measure  levels  of 
individual  hydrocarbon  components  in  each  phase.  Obtaining  and  analyzing 
only  whole  seawater  for  petroleum  hydrocarbon  analysis  without  fractionation 
may  obscure  important  physical -chemical  fractionations  (Boehm,  1980),  and 
hence  the  physical/chemical  behavior  (Shaw  and  Reidy,  1979;  Zurcher  and  Thuer, 
1978)  and  biological  effects  or  bioavailability  (Anderson  et  al . ,  1974)  of 
pollutant  compounds.  Sampling  beneath  an  oil-covered  (oil,  emulsified 
oil  (mousse),  surface  films  and  sheens,  and  tar  flakes,  chips,  tar  balls, 
etc.)  sea  surface  without  contaminating  the  seawater  being  collected  with 
surface  material  has  been  a  challenge  to  chemical  oceanographers  for  years. 
Sampling  devices  themselves  are  notorious  for  either  contaminating  the  sample 
or  sorbing  components  of  interest  (Gordon  and  Keizer,  1974;  Boehm  and  Fiest, 
1978;  Zsolnay,  1978),  thus  altering  the  samples  obtained. 

Our  study  was  undertaken  as  part  of  a  larger  effort  to  examine  the 
transport  processes  affecting  petroleum  introduced  from  the  IXTOC-I  blowout  in 
the  Bay  of  Campeche  into  the  offshore  marine  environment.  This  report  and  its 
companion  report  (Fiest  and  Boehm,  this  symposium)  focus  on  the  chemistry  of 
the  top  20  m  of  the  water  column  beneath  the  surface  oil  plume  emanating  from 
the  blowout  source  during  September  17-21,  1979.  Our  goals  were  (1)  to 
quantify  the  high-molecular  weight  hydrocarbons  in  particulate,  selected 
filterable  (dissolved),  and  whole  water  samples;  (2)  to  determine  the  detailed 
changes  in  hydrocarbon  chemistry  and  hence  "weathering"  of  the  hydrocarbons  in 
the  samples;  (3)  to  examine  vertical  and  horizontal  concentration  gradients 
and  compositional  changes;  and  (4)  to  examine  the  compositional  relationships 
and,  hence,  the  relative  rates  of  weathering  between  petroleum  hydrocarbons  in 
the  water  column  and  oil/mousse  and  sheen  (microlayer)  at  the  sea's  surface. 


2.   EXPERIMENTAL 


Surface  oil  (mousse),  surface  microlayer,  unfiltered  and  filtered 
seawater,  and  suspended  particulate  samples  were  collected  and  analyzed  for 
their  petroleum  hydrocarbon  content  and  composition  (C^q-C^o).  The  methods 
used  were  glass  capillary  gas  chromatography  flame  ionization  detection 
(GC/FID)  and  combined  glass  capillary  gas  chromatography/mass  spectrometry 
(GC/MS). 


2.1  Sampling  Sites 


Two  ships,  the  R/V  RESEARCHER  and  the  C/V  PIERCE,  operated  in  the 
vicinity  of  the  IXTOC-I  blowout  between  September  14  and  23,  1979.  Samples 
were  collected  at  stations  along  a  100-km  transect  oriented  to  the  northeast 
of  the  blowout  and  at  several  stations  more  distant  from  the  blowout  (Figures 
1  and  2).  Stations  occupied  by  the  RESEARCHER  and  PIERCE  were  designated  RIX 
and  PIX,  respectively.  Samples  were  collected  at  Stations  RIX  02,  RIX  04,  PIX 
01,  PIX  02,  and  PIX  03  during  the  two  days  just  prior  to 
Hurricane  Henri  through  the  study  area  on  September  16-17. 
stations  within  85  km  of  the  well  were  sampled  during  the  next 
hurricane's  heavy  rains  and  strong  winds  added  to  the 
freshwater  runoff  from  the  adjacent  land. 
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The  sampling  equipment  employed  on  the  RESEARCHER  included  inflatable 
rafts,  from  which  mousse  and  microlayer  samples  were  collected,  and  30-liter 
and  90-liter  Bodman  bottles  with  which  large  volumes  of  seawater  outside  the 
area  of  heavy  surface  oil  coverage  were  collected  (Payne  et  al.,  this 
symposium).  Aboard  the  PIERCE,  mousse  samples  were  collected  with  a  dip 
bucket  and  seawater  samples  with  a  non-contaminating  pumping  system,  a  30- 
liter  glass  Bodman  bottle  and  a  10-liter  GO-FLO  bottle.  The  results  of  this 
paper  concern  mousse  and  microlayer  samples  obtained  by  the  scientific  party 
aboard  the  RESEARCHER  and  mousse,  whole  water,  and  particulate  and  dissolved 
material  in  the  top  20  m  directly  beneath  heavy  surface  oil  collected  by 
scientists  aboard  the  PIERCE. 


2.2  Surface  Oil/Mousse 

Mousse  samples  were  collected  using  a  metal  dip  bucket  from  the  ship's 
rail  or  a  solvent-rinsed  glass  jar  from  an  inflatable  raft.  The  samples  were 
frozen  and  stored  in  solvent-rinsed  glass  jars  at  -20°C. 

In  the  laboratory,  a  small  portion  of  mousse  (0.5  g)  was  removed  with  a 
metal  spatula  and  dissolved  in  2  ml  of  dichloromethane  (Baker  Resi- 
Analyzed).  The  solution  was  dried  by  adding  2  g  of  sodium  sulfate  (Baker 
Analyzed;  precombusted  at  400°C  for  16  hours)  and  then  eluting  the  solution 
through  a  microcolumn  consisting  of  glass  wool  and  3  g  NaoSCL  in  a  glass 
pipette.  An  aliquot  (10  pi)  of  the  dry  solution  was  weighed  on  a  Cahn  Model 
25  electro-balance  to  determine  the  sample  weight.  An  aliquot  of  sample 
weighing  approximately  25  mg  was  removed,  internal  standards  were  added,  and 
the  dichloromethane  was  displaced  with  hexane  (Burdick  and  Jackson;  distilled 
in  glass)  prior  to  column  chromatography  and  gas  chromatographic  analysis. 

Density  measurements  were  made  on  a  few  of  the  samples  with  a  digital 
density  meter  (Mettler-Parr  DMA46)  aboard  the  ship.  The  instrument  was  cali- 
brated in  the  density  mode  with  air  and  distilled  water  at  30°C.  Duplicate 
measurements  were  made  on  each  sample  by  overfilling  the  sample  cell  using  a 
plastic  syringe,  allowing  the  cell  temperature  to  equilibrate  to  30°C,  and 
reading  the  density  after  the  second  decimal  place  remained  unchanged  for  one 
minute.  Replicate  measurements  agreed  to  the  second  decimal  place. 

2.3  Micro  layer /Sheen 

Microlayer  samples  were  collected  using  a  stainless  steel  screen  (60  cm  x 
60  cm;  Garrett,  1965)  deployed  from  the  upwind  side  of  an  inflatable  boat 
positioned  approximately  2  km  upwind  of  the  ship.  The  screens  were  cleaned 
with  soap  and  water,  rinsed  with  methanol  and  dichloromethane  (Burdick  and 
Jackson,  UV  grade),  and  wrapped  in  aluminum  foil  prior  to  each  use.  One  liter 
of  sample  was  collected  with  repeated  dips  of  the  screen,  preserved  by  adding 
50  ml  of  dichloromethane,  and  stored  in  a  solvent-rinsed  amber  glass  bottle  at 
ambient  temperatures. 

In  the  laboratory,  internal  standards  were  added  and  the  entire  sample 
was  extracted  three  times  with  75  ml  of  dichloromethane  in  a  separatory 
funnel.  The  dichloromethane  was  combined,  dried  over  sodium  sulfate,  con- 
centrated by  rotary  evaporation,  and  displaced  with  hexane  prior  to  column 
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chromatography  and  gas  chromatography  analysis.   This  extraction  procedure 
gives  excellent  (98%)  recovery  for  petroleum  hydrocarbons  (Boehm,  1980). 

2.4  Seawater  (Whole  Water  and  Dissolved  Fraction) 

Seawater  samples  were  collected  with  a  10-liter  Teflon-lined  GO  FLO 
sampler  (General  Oceanics),  a  30-liter  glass  Bodman  bottle  (Gagosian  et  al . , 
1979),  or  a  submersible  pumping  system.  The  pumping  system  consisted  of  a 
modified  submersible  pump  (Cole  Parmer  Model  7111  with  nylon  impeller, 
silicone  rubber  gaskets,  viton  seals)  connected  to  an  in-line  filtration 
system  with  alternate  2-m  sections  of  stainless  steel  tubing  (1.3-cm  O.D.  Type 
903)  and  0.5-m  sections  of  flexible  stainless  steel  couplings  (Figure  3).  The 
sections  were  alternately  coupled  with  stainless  steel  unions  and  stainless 
steel  quick  connects  (Swagelock  with  viton  seals)  to  allow  water  to  be  pumped 
from  depths  of  1  to  20  m. 

The  pumping  system  was  introduced  in  the  water  column  in  a  clear  area  of 
sea  surface  and  remained  submerged  until  pumping  was  completed  at  a  given 
station.  The  system  was  flushed  at  each  sampling  depth  for  several  minutes 
before  measurements  and  samples  were  taken.  The  outflow  from  the  pumping 
system  was  split  into  two  streams,  one  for  collecting  whole  water  samples  and 
the  other  for  filtering  and  measuring  fluorescence.  The  filtration  system 
stream  flowed  through  an  in-line  stainless  steel  ball  valve,  which  controlled 
the  flow;  a  short  fixed  wavelength  (254  nm)  filter  fluorometer  (Turner 
Designs),  which  measured  concentrations  of  dissolved  oil;  and  a  142-mm 
stainless  steel  filter  holder  (Mill ipore)  with  a  glass  fiber  filter  (Gelman 
A/E),  which  removed  particulates.  The  typical  flow  rate  through  the  system 
was  1  liter/min,  which  corresponded  to  a  linear  velocity  of  8  cm/sec  and  a 
flushing  time  of  three  minutes  when  pumping  from  a  depth  of  20  m.  Seawater 
contacted  only  nylon,  viton,  silicone  rubber,  stainless  steel,  and  Teflon. 

One,  four,  or  eighteen  liters  of  seawater  were  transferred  from  the 
samplers  to  solvent-rinsed  glass  jars,  preserved  by  adding  dichloromethane, 
and  stored  at  ambient  temperature.  One-liter  samples  were  extracted  with 
dichloromethane  in  a  separatory  funnel  and  analyzed  by  spectrof luorometry 
aboard  the  ship  (see  Fiest  and  Boehm,  this  symposium). 

Samples  larger  than  one  liter  were  returned  to  the  laboratory  at  the 
University  of  New  Orleans  (UNO)  for  initial  processing.  The  seawater  was 
extracted  three  times  by  stirring  at  high  speed  with  250  ml  of  dichloromethane 
per  20  liters  of  seawater.  The  extracts  were  combined,  dried  over  sodium 
sulfate,  concentrated  by  rotary  evaporation,  split  into  two  aliquots,  and 
sealed  in  glass  ampules.  Ampules  were  shipped  to  laboratories  at  Energy 
Resources  Co.,  Inc.  (ERC0)  for  analysis.  At  ERC0,  the  dichloromethane  was 
removed  from  the  ampules,  spiked  with  internal  standards,  and  displaced  with 
hexane  prior  to  analysis  by  column  chromatography  and  glass  capillary  gas 
chromatography. 
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Figure  3.  Design  schematic  for  the  submersible  pumping  system 
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2.5  Particulates 

Particulate  samples  were  collected  by  pumping  a  measured  volume  (approxi- 
mately 18  liters)  of  seawater  through  a  142-mm  GF/A  glass  fiber  filter  held  in 
a  stainless  steel  filter  holder  with  the  pumping  system  described  above. 
After  pumping  from  a  particular  depth  was  completed,  the  filter  was  removed 
from  the  filter  holder,  folded  face-to-face,  placed  in  a  solvent-rinsed 
aluminum  foil  packet,  and  stored  at  -20°C. 

In  the  laboratory,  the  filters  were  thawed,  cut  into  small  pieces,  placed 
in  a  250-ml  Teflon  jar,  and  extracted  three  times  with  100  ml  of  a  9:1  mixture 
of  dichloromethane  and  methanol.  The  extracts  were  combined,  concentrated, 
dried  over  sodium  sulfate,  and  reconcentrated  to  0.5  ml.  The  dichloromethane 
was  displaced  with  hexane  prior  to  analysis  by  column  chromatography  and  glass 
capillary  gas  chromatography. 

2.6  Column  Chromatography 

The  hexane  extracts  of  each  sample  type  were  fractionated  by  column 
chromatography  prior  to  GC/FID  and  GC/MS  analysis.  Prior  to  chromatography, 
an  aliquot  (40  pl/1.0  ml)  was  weighed  on  a  Cahn  electrobal ance.  A  maximum  of 
50  mg  of  sample  was  used  for  column  chromatography. 

A  glass  chromatography  column  (10.5-mm  ID)  with  a  Teflon  stopcock  was 
wet-packed  with  11  g  of  silica  gel  (Davison  923;  100-200  mesh,  100% 
activated),  1  g  of  alumina  (Fisher;  80-200  mesh,  5%  deactivated),  and  2  g  of 
activated  copper  powder  (Matheson;  activated  by  rinsing  with  dilute  HC1, 
organic-free  water,  methanol,  dichloromethane,  and  hexane).  Both  alumina  and 
silica  were  successively  extracted  for  24  hours  with  methanol  and  dichloro- 
methane, air-dried,  and  activated  for  16  hours  at  140°C  prior  to  use.  After 
the  column  was  packed  and  pre-eluted  with  30  ml  each  of  dichloromethane  and 
hexane,  the  sample  was  charged  to  the  column  with  2  x  0.5  ml  of  hexane  and 
successively  eluted  with  17  ml  of  hexane  (fi),  21  ml  of  1:1  hexane:dichloro- 
methane  (fo)»  and  25  ml  of  methanol  (fo).  The  f->,  f«,  and  f,  fractions 
contained  saturated,  aromatic,  and  polar  compounds,  respectively.  The  solvent 
in  each  fraction  was  concentrated  and  displaced  with  dichloro-methane.  An 
aliquot  of  each  fraction  (40  pl/500  pi)  was  weighed  on  a  Cahn  electro- 
balance.  The  only  exception  to  the  procedure  outlined  above  was  for  mousse 
samples  for  which  the  hexane  was  slurried  with  0.25  g  of  silica  gel  before 
being  transferred  to  the  column. 

2.7  Gas  Chromatography  and  GC/MS  Analysis 

The  f^  and  f«  fractions  were  analyzed  by  a  combination  of  GC/FID  and 
GC/MS.  A  1.0-ul  aliquot  of  a  dichloromethane  solution  of  the  sample  was 
injected  onto  a  0.25-mm  ID,  30-m  SE-30  glass  capillary  column  (J&W  Scientific; 
AA  grade),  installed  in  a  Hewlett-Packard  5840A  gas  chromatograph  equipped 
with  a  splitless  capillary  injection  port  and  a  flame  ionization  detector  and 
interfaced  to  a  PDP-10  computer.  Column  conditions  were  as  follows:  carrier 
gas  flow  -  2  ml/min  of  helium,  injection  port  temperature  -  250°C,  detector 
temperature  -  300°C,  and  column  oven  temperature  program  -  60-275°C  at  a  rate 
of  3°C/min. 
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Kovats  retention  indices  were  calculated  by  comparing  retention  times  of 
the  peaks  in  each  sample  with  the  retention  times  of  n-alkanes  in  a  standard 
mixture  that  was  analyzed  daily.  Peaks  in  the  chromatograms  of  samples  were 
identified  by  comparing  their  retention  indices  with  those  of  known 
compounds.  These  indices  were  measured  by  analyzing  solutions  containing 
known  compounds  or  by  identifying  unknown  peaks  by  GC/MS.  The  concentration 
of  each  peak  was  determined  by  comparing  the  area  of  the  peak  with  the  area  of 
the  internal  standard,  which  was  androstane  for  the  f^  and  deuterated  (D-10) 
anthracene  for  the  fp.  Concentrations  were  reported  in  ug/L  for  seawater, 
particulate,  and  microlayer  samples,  and  in  mg/g  of  extractable  oil  for  mousse 
samples. 

Most  of  the  fp  fractions  and  selected  f->  fractions  were  analyzed  on  a 
Hewlett-Packard  5985  GC/MS  system,  which  consists  of  a  5840A  gas  chromato- 
graph,  a  quadrapole  mass  spectrometer,  and  a  computer  data  system.  The  GC 
conditions  were  the  same  as  for  the  GC/FID  analysis.  The  GC/column  was 
directly  interfaced  to  the  mass  spectrometer  with  0.3  in  O.D.  platinum-iridium 
tubing.  The  mass  spectrometer  conditions  were  as  follows:  ionization  voltage 
-  70EV,  scan  46-500  AMN,  scan  rate  -  1  scan/4  seconds,  and  electron  multiplier 
voltage  2200-2600  V.  The  mass  spectrometer  was  tuned  daily  with  PBTBA. 

Aromatic  hydrocarbon  compounds  were  identified  and  quantified  by  a  com- 
bination of  selected  ion  searches  for  either  the  molecular  ion  (m+j  or  another 
characteristic  ion  of  each  compound,  retention  index  matching,  and  matching  of 
spectra  with  library  spectra.  The  total  ion  current  recorded  for  each  peak  in 
the  selected  ion  search  was  compared  to  the  area  of  the  internal  standard, 
D-10  anthracene.  Response  factors  relative  to  D-10  anthracene  were  calculated 
from  a  regular  analysis  of  a  mixture  of  authentic  aromatic  compounds.  When  no 
standard  was  available,  as  was  in  the  case  for  C*  naphthalene,  Co,  C*  phenan- 
threne,  Cp,  C^  fluorene,  and  C-.  through  C^  dibenzothiophenes,  the  response 
factor  was  obtained  by  extrapolation. 

Four  ratios  of  saturated  and  aromatic  hydrocarbons  were  used  to  assist  in 
the  interpretation  of  the  data.  The  carbon  preference  index  (CPI)  was  used  to 
evaluate  the  relative  abundance  of  odd  carbon  number  and  even  carbon  number 
high  molecular  weight  n-alkanes  (Farrington  and  Meyers,  1975). 

2(n-C27)  +  2(n-C2g) 
CPI26-30  =  (n-C26)  +  2(n-C2Q)  +  (n-C3Q) 


The  CPI  approaches  1.0  as  the  abundance  of  odd  and  even  alkanes  becomes  equal 
and  petroleum,  rather  than  biogenic  hydrocarbons,  predominate. 

The  alkane/isoprenoid  ratio  (ALK/IS0)  was  used  to  measure  the  extent  of 
microbial  depletion  of  n-alkanes  relative  to  isoprenoids  (Boehm  et  al . , 
1980).  The  numbers  in  parenthesis  refer  to  the  retention  index  of  the  com- 
pound on  a  0.25  mm  x  30  m  SE-30  column.  For  example,  the  normal  alkane 
tetradecane  (n-C-14)  has  an  index  of  1400.  The  isoprenoid  farnesane  has  a 
retention  index  oT  1470  on  this  column  indicating  that  it  elutes  between  n-C-j* 
and  n-C-jc  at  approximately  70%  of  the  elapsed  time  between  these  two  normal 
alkanes. 
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A,|//Tcn       (1400)  +  (1500)  +  (1600)  +  (1700)  +  (1800) 
rtL  /15U14-18   (1380)  +  (1470)  +  (1650)  +  (1708)  +  (1810) 


The  ALK/ISO  ratio  approaches  0  as  the  n-alkanes  are  depleted. 

The  saturated  hydrocarbon  weathering  ratio  (SHWR)  was  used  to  measure  the 
relative  abundance  of  low-boiling  and  high-boiling  n-alkanes. 

(sum  of  n-alkanes  from  n-C,n  to  n-C?£-) 
(sum  of  n-alkanes  from  n-C,7  to  n-C?t-) 


The  SWHR  approaches  1.0  as  low-boiling  saturated  hydrocarbons  (n-Cin  to  n-C-jy) 
are  lost  by  evaporation. 

The  aromatic  weathering  ratio  (AWR)  was  used  to  measure  the  relative 
abundance  of  low-  and  high-boiling  aromatics. 

Total  naphthalenes  +  fluorenes  + 
aud  =    phenanthrenes  +  dibenzothiophenes 

Total  phenanthrenes  +  dibenzothiophenes 


The  AWR  approaches  1.0  as  low-boiling  aromatics  are  lost  by  evaporation  and/or 
dissolution. 


3.  RESULTS 

3.1   Surface  Oil/Microlayer 

3.1.1  Visual  Observations 

Surface  oil  samples  were  collected  from  stations  located  up  to  600  km 
from  the  blowout.  Near  the  blowout,  the  oil  was  present  in  a  distinct  plume 
oriented  in  the  direction  of  the  prevailing  currents.  Outside  the  plume,  oil 
was  observed  in  isolated  patches,  sometimes  tens  of  meters  in  diameter  and  in 
windrows  hundreds  of  meters  long. 

At  a  typical  station,  emulsified  oil  (mousse),  a  visible  surface  film, 
and  oiled  plant  debris,  such  as  water  hyacinths,  comprised  the  surface  oil 
patch.  Usually  a  visible  sheen  of  oil  covered  the  surface  area  between 
patches  of  emulsified  oil.  The  incorporation  of  terrestrial  plant  material 
into  the  mousse  patches  suggested  that  in  many  cases  the  surface  oil  had  been 
in  the  water  for  at  least  several  weeks. 

The  emulsified  oil  took  on  a  variety  of  physical  forms,  which  reflected 
different  weathering  stages.  Often  several  physical  forms  of  mousse  were 
found  at  a  single  location.   Within  the  surface  oil  plume  near  the  blowout, 
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the  dominant  form  of  oil  was  a  continuous  layer  of  emulsified  oil.   The  oil 
was  very   watery  and  tended  to  stick  tenaciously  to  any  objects  contacted. 

Spherical  clumps  of  mousse,  2-10  cm  in  diameter,  were  the  most  common 
form  other  than  that  in  the  immediate  vicinity  of  the  blowout.  Small  nodules 
were  observed  to  adhere  to  each  other  at  points  of  contact  to  form  larger 
clumps  with  a  cerebral-like  appearance.  These  chunks  were  almost  neutrally 
buoyant  and  floated  with  > 95%  of  their  volume  submerged.  Similar  cerebral- 
like mousse  clumps  were  observed  during  the  Torrey  Canyon  spill  (Smith,  1968, 
Plate  7B). 

The  most  spectacular  form  of  mousse  found  was  in  large  coherent  masses, 
or  cylinders,  at  their  largest  5  m  wide,  30  m  long,  and  1  m  thick.  The  shape 
and  orientation  of  these  masses  of  oil  evolved  with  changes  in  the  winds  and 
swell,  whereas  at  low  wind  speeds  (<  5  knots),  the  long  dimension  of  the  mass 
was  aligned  with  the  trough  of  the  swells,  and  at  higher  wind  speeds  (5-10 
knots)  the  masses  oriented  with  the  wind.  The  exposed  surfaces  of  several 
large  patches  of  mousse  encountered  at  Station  RIX  10  had  turned  dark  brown, 
probably  as  a  result  of  exposure  to  sunlight  and  air. 

Two  additional  forms  of  mousse  were  found  less  frequently  than  the  mousse 
chunks  and  probably  represented  more  advanced  weathering  stages  of  the 
mousse.  Small  pancakes,  2-4  cm  in  diameter  and  with  about  10%  of  their  volume 
exposed  to  the  air,  were  found  at  station  RIX  11.  The  exposed  surface  had  a 
dark  brown  skin,  which  was  much  less  sticky  than  the  light  brown  submerged 
surface.  The  pancakes  were  clearly  more  buoyant  than  the  mousse  chunks  and 
therefore  more  susceptible  to  the  effects  of  sunlight.  Small  black  flakes  of 
oil,  0.5-2.0  cm  in  diameter,  were  found  at  Stations  RIX  11  and  RIX  13.  These 
flakes  may  represent  the  dark-colored,  hardened  skin  of  mousse  that  was 
exposed  to  sunlight  and  air  and  had  flaked  off  (Patton  et  al.,  1980). 

The  densities  of  a  number  of  mousse  samples  collected  from  Stations  RIX 
06  and  RIX  07  were  measured  onboard  (Table  1).  At  Station  RIX  06,  73  km  from 
the  blowout,  several  samples  of  mousse  clumps  had  densities  between  1.00  and 
1.01  (T  =  30°C).  At  Station  RIX  07,  32  km  from  the  blowout,  the  oil  emulsion 
within  the  plume  had  a  density  of  0.99,  and  mousse  outside  of  the  plume  had  a 
density  between  1.00  and  1.01.  The  density  of  the  surface  seawater  at  these 
stations  was  slightly  higher  (p  =  1.02,  T  =  30°C).  As  was  visually  apparent, 
the  mousse  had  a  density  that  made  it  slightly  buoyant  in  seawater. 

3.1.3  Chemical  Measurements  of  Mousse  Samples 

The  chemical  composition  of  almost  all  of  the  mousse  samples  collected 
within  80  km  of  the  blowout  was  remarkably  constant  (Table  2).  The  amounts  of 
saturated  hydrocarbons  (fi),  aromatic  hydrocarbons  (fo),  and  polar  compounds 
(f3)  in  the  oil  averaged  415  +  52  mg/g,  239  +  59  mg/g  and  115  +  26  mg/g, 
respectively.  The  proportions  of  high-molecular  weight  (>  n-C£2)  n-alkanes 
relative  to  n-Co^  were  virtually  constant  for  these  samples  (Figure  4).  The 
variability  among  the  samples  was  primarily  in  the  proportions  of  low- 
molecular  weight  n-alkanes  and  aromatics  (Figures  4  and  5),  which  are  most 
susceptible  to  evaporation  and  dissolution  (Mackay  et  al.,  1979).  The  compo- 
sitional end  members  of  mousse  were  the  fresh  oil  collected  at  Station  PIX  05 
at  the  blowout  and  the  mousse  flakes  collected  off  the  Texas  coast. 
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Table  1.  Density  of  mousse  collected  near  the  IXTOOI  blowout 


Si 

ample 

(P-30°C) 

Description 

Mousse 

RIX 

06-E525 

1.01 

Mousse  chunks 

RIX 

06-E530 

1.01 

Mousse  chunks  in  thick  sheen 

RIX 

06-E533 

1.01 

Mousse  chunks  in  no  sheen 

RIX 

06-F014 

1.00 

Neuston  tow 

RIX 

07-E544 

0.99 

Fresh  plume  mousse 

RIX 

07-E543 

0.99 

Fresh  plume  mousse 

RIX 

07-F012 

0.99 

Fresh  plume  mousse 

RIX 

07-F010 

1.00 

Mousse  outside  plume 

RIX 

07-E539 

1.01 

Old  mousse  -  debris  line 

RIX 

07-E537 

1.01 

Old  mousse  -  outside  of  plume 

Seawater 

Point  Baker 

0.99 

Old  mousse  north  of  Tampico 
(July  1979) 

RIX  04-E508 

1.02 

2-m  depth 

RIX  04-E509 

1.02 

20-m  depth 
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Two  samples  collected  at  Stations  PIX  05  and  PIX  10,  both  located  within 
0.5  km  of  the  well,  were  the  least  weathered  mousse  samples  found.  A  suite  of 
n-alkanes  from  <  n-Cg  to  n-C^o  predominated  in  the  saturate  fraction  (fi) 
(Figure  6A).  The  aromatic  fraction  (f?)  was  dominated  by  a  series  of  substi- 
tuted two-  and  three-ring  aromatic  hydrocarbons  (Figure  6B).   The  saturated 
hydrocarbon  weathering  ratio  (SHWR)  and  the  aromatic  weathering  ratio  (AWR) 
(see  Table  2)  for  both  of  these  samples  were  high  (>2).  This  confirms  that 
relative  to  other  mousse  samples,  little  evaporative  weathering  of  these 
samples  had  taken  place.   The  high  values  of  the  al  kane/isoprenoid  ratio 
(>3.5),  which  is  a  measure  of  the  microbial  weathering  of  the  oil  (Boehm  et 
al.,  1980),  confirm  that  little  microbial  degradation  of  these  fresh  oil 
samples  had  occurred. 

The  remaining  samples  collected  near  the  blowout  were  weathered  to  a 
greater  extent  than  the  two  fresh  samples  collected  at  the  blowout  site. 
Although  the  same  suites  of  compounds,  i.e.,  n-alkanes  and  substituted  two-and 
three-ring  aromatics,  were  present,  the  relative  proportions  of  low-boiling 
compounds  were  lower  than  for  the  two  fresh  samples.  The  SHWR  ranged  from 
1.00  to  1.40  and  the  AWR  from  1.13  to  1.59.  The  high  values  of  the  ALK/IS0 
ratio,  usually  greater  than  3.00,  indicates  that  little  microbial  degradation 
of  the  oil  had  taken  place. 

Two  exceptional  samples  are  the  mousse  flakes  and  tar  balls  collected  at 
Stations  RIX  11  and  RIX  13,  respectively,  which  showed  evidence  of  microbial 
degradation.  The  flakes  from  RIX  11  had  undergone  evaporative  weathering  to 
an  extent  similar  to  other  mousse  samples  (SHWR  =  1.08,  AWR  =  1.126).  How- 
ever, the  alkane/isoprenoid  ratio  (ALK/IS0  =  2.91)  was  lower  than  that  for  any 
other  mousse  sample  collected  near  the  blowout,  indicating  slight  microbial 
degradation.  Mousse  flakes  collected  off  the  Texas  coast  showed  microbial 
degradation  similar  to  that  for  the  flakes  collected  at  RIX  11. 

The  tar  ball  collected  at  Station  RIX  13,  off  Tampico,  Mexico,  was 
extensively  weathered  by  microbial  and  evaporative  processes  (Figure  7). 
N-alkanes  were  virtually  absent  (ALK/IS0  =  0.19),  and  isoprenoid  peaks  and  an 
unresolved  envelope  dominated  the  fi.  The  aromatics  in  the  fo  were  similar  to 
those  of  mousse  samples  for  which  no  microbial  degradation  had  occurred. 

The  striking  feature  of  the  composition  of  the  mousse  samples  was  a  lack 
of  relationship  between  the  location  at  which  the  samples  were  collected  and 
the  chemical  composition  of  the  mousse.  For  instance,  of  the  two  samples 
collected  at  Station  RIX  05,  one  was  the  freshest  sample  collected  (SHWR  = 
2.69,  AWR  =  2.23)  and  the  other  was  one  of  the  most  weathered  (SHWR  =  1.13, 
AWR  =  1.19)  found  within  80  km  of  the  blowout.  No  apparent  correlation 
between  chemical  composition  and  distance  from  the  blowout  was  found.  This 
result  was  not  totally  unexpected,  since  old  mousse  patches  were  observed 
moving  back  into  the  fresh  oil  plume  during  helicopter  overflights. 


284 
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Figure  6.  Glass  capillary  gas  chromatograms  of  "reference  oil 
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3.1.4  Chemical  Measurements  of  Microlayer  Samples 

The  surface  microlayer  samples  could  be  grouped  into  two  classes,  based 
on  their  hydrocarbon  compositions  (Table  3).  Samples  from  Stations  RIX  04, 
RIX  02,  and  RIX  12  fell  into  the  first  class  and  were  characterized  by  having 
no  detectable  quantities  of  hydrocarbons.  The  remaining  samples  comprised  the 
second  class  and  contained  levels  of  f^  and  fp  hydrocarbons  up  to  2080  and 
1370  jjg/L,  respectively.  Detectable  levels  of  hydrocarbons  were  found  only  in 
those  microlayer  samples  collected  at  stations  where  mousse  was  also  found. 
The  chromatograms  of  the  saturated  fraction  (f^)  were  dominated  by  a  series  of 
n-alkanes  from  n-Cjg  to  n-Coo  superimposed  on  an  unresolved  envelope.  The 
chromatograms  of  the  aromatic  fraction  contained  substituted  two-,  three-,  and 
four-ring  aromatics.  The  f^  and  f^  chromatograms  were  similar  to  chromato- 
grams of  mousse  samples  but  showed  greater  losses  of  low-boiling  components 
(Figures  8  and  9). 

The  SHWR  and  AWR  of  the  microlayer  samples  were  all  less  than  1.02  and 
1.15,  respectively.  These  values  were  less  than  the  lowest  values  reported 
for  any  mousse  sample.  The  microlayer  samples  have  evidently  undergone  a 
greater  degree  of  evaporative  and  photooxidative  weathering  than  the  mousse 
samples.  The  ALK/IS0  ratios  for  the  microlayer  samples  are,  with  two 
exceptions,  greater  than  or  equal  to  3.0,  which  suggests  that,  as  with  the 
mousse,  minimal  microbial  degradation  of  the  petroleum  in  the  surface 
microlayer  had  occurred. 

Microlayer  samples  collected  in  areas  where  a  visible  sheen  was  observed 
contained  levels  of  f^  and  fo  hydrocarbons  greater  than  1000  and  500  ug/L, 
respectively.  At  several  sites,  although  no  sheen  was  visible,  detectable 
levels  of  oil  were  found.  Samples  with  the  lowest  levels  of  hydrocarbons  were 
depleted  in  aromatic  hydrocarbons.  Samples  RIX  13-E599,  RIX  12-E592,  and  RIX 
06-E527  had  a  series  of  n-alkanes  typical  of  the  IXT0C-I  mousse  and  no 
detectable  aromatic  hydrocarbons.  Samples  RIX  06-E528,  RIX  07-E552,  and  RIX 
07-E556  contained  lower  levels  of  aromatics  than  would  be  expected  based  on 
the  concentration  of  n-alkanes.  This  trend  was  quantified  by  the  ratio  of  the 
concentrations  of  an  alkane  (n-Ciy)  and  aromatic  compound  (Ci  dibenzothio- 
phenes)  with  similar  volatility.  Tne  ratio  of  C-^DBT  to  n-C-ty  was  greater  than 
0.20  for  samples  with  total  f^  concentrations  greater  than  1,000  ug/L  and  less 
than  0.20  for  samples  with  total  f^  concentrations  less  than  1000  ug/L. 
Apparently,  as  the  thickness  of  the  surface  film  decreases,  the  aromatics  are 
selectively  depleted  from  the  film. 

The  aromatic  (fo)  fraction  of  the  microlayer  sample  collected  downwind  of 
a  large  mousse  raft  at  station  RIX  10  contained  a  series  of  compounds  with 
retention  indices  ranging  from  2380  to  2626  on  a  0.25  mm  ID  x  30  m  SE-330 
glass  capillary  column.  Although  their  identities  are  not  yet  known,  the 
common  occurrence  of  mass  fragments  with  m/e  91,  105,  119,  143,  212,  and  221 
in  mass  spectra  of  the  compounds  suggests  that  they  are  related  structurally 
(Figure  10).  The  concentrations  range  from  0.5  to  5  ug/L  relative  to  D-10 
anthracene  as  an  internal  standard.  Since  the  material  in  the  surface  micro- 
layer  sample  was  emanating  from  a  patch  of  mousse  with  a  highly  photo-oxidized 
surface,  these  compounds  are  likely  to  be  photo-oxidation  products  which  are 
dissolved  in  the  surface  microlayer.  Similar  compounds  were  found  during  the 
laboratory  photo-oxidation  experiment  with  IXT0G  oil  (Overton,  personal 
communication). 
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Figure  10. 


A.  Total  ionization  chroma togram  of  a  surface  microlayer  sample 
collected  downwind  of  a  mousse  raft  at  Station  RIX  10.  B.  Mass 
spectrum  of  the  compound  marked  X   in  the  chromatogram  above. 
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3.2         Seawater/Particulates 

3.2.1  General 

There  are  several  ways  of  viewing  the  data  on  the  suite  of  seawater 
(whole  water,  dissolved  and  particulate  hydrocarbons)  samples.  The  following 
section  addresses  both  quantitative  and  compositional  comparisons  between 
water  column  samples  through  a  water  column  profile  down  to  20  m  at  each 
station.  For  ease  of  visual  presentation  and  sample  comparison,  the  capillary 
GC  traces  and  GC/MS  data  (e.g.,  Figure  11)  have  been  transformed  to  graphical 
data  displays  (GDD's)  (e.g.,  Figure  12),  which  include  key  quantitative 
information  on  each  sample  fraction,  levels  of  key  individual  components 
within  each  fraction,  and  key  parameter  ratios,  which  describe  the  extent  of 
evaporation  /dissolution  (SHWR,  AWR)  and  biodegradation  (ALK/ISO).  These 
ratios  can  be  used  to  diagnose  the  factors  influencing  observed  sample 
compositions.  The  AWR  of  seawater  samples  should  be  compared  to  that  of  the 
reference  oil  and  fresh  mousse  (2.2  -  2.5).  Values  less  than  those  of  the 
fresh  mousse  result  from  a  relative  loss  of  naphthalene  and  fluorene  compounds 
by  evaporation  and  dissolution.  Values  greater  than  the  reference  values,  as 
consistently  occur  with  whole  seawater  samples,  arise  from  a  coincidence  of 
the  dissolved  and  particulate  plumes,  resulting  in  greater  relative 
concentrations  of  the  more  soluble  biaromatic  hydrocarbons  and,  hence,  a 
higher  AWR. 

Tables  4  and  5  present  all  relevant  information  on  hydrocarbon  fraction 
concentrations  and  values  of  the  key  diagnostic  parameter  ratios  for  seawater 
and  particulate  samples.  Details  of  GC  and  GC/MS  analyses  of  whole  water, 
particulate,  and  dissolved  samples  are  presented  on  the  GDD  that  appear 
throughout  this  report. 

Quantitative  values  should  be  viewed  with  the  caveat  that  significant 
quantities  of  oil  sorb  to  walls  of  water  samplers  in  areas  of  maximum  con- 
centrations (i.e.,  PIX  05,  PIX  10),  and  hence  measured  concentrations  at  these 
stations  may  be  underestimated. 

3.2.2  Station  PIX  01 

Water  samples  obtained  from  this  control  station  contain  varying  quan- 
tities (ND-70  jjg/L)  of  paraffinic  tar,  an  ubiquitous  petroleum  contaminant  in 
the  Gulf  of-  Mexico  and  in  pelagic  systems  in  general  (Jeffrey  et  al . ,  1974; 
Butler  et  al.,  1973).  The  particulate  hydrocarbons  are  roughly  equivalent  to 
the  whole  water  in  terms  of  concentrations  and  hydrocarbon  distributions.  The 
GDD's  indicate  that,  although  the  paraffinic  tar  contribution  dominates  the 
sample,  n-alkanes  of  a  phytoplanktonic  source  (n-C-^,  n-C^y,  n-C-^g;  Clark  and 
Blumer,  1967)  are  present  in  significant  abundances  (Figure  13).  The  samples 
contain  sizeable  unresolved  complex  mixtures  (UCM)  characteristic  of  some 
pelagic  tar  (Butler  et  al.,  1973)  but  lack  any  detectable  aromatic 
hydrocarbons. 
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Figure  11.  Glass  capillary  gas  chromatograms  of  "reference  oil 
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3.2.3  Station  PIX  02 

This  second  control  station,  located  closer  to  the  well,  contained  lower 
total  concentrations  of  hydrocarbons  but  a  relatively  greater  contribution  of 
n"^15  anc'  n~^17>  Platonic  alkanes  (Figure  14),  to  the  hydrocarbon  assemblage 
throughout  the  top  20  m.  Small  quantities  (1-10  ng/L)  of  naphthalene,  phenan- 
threne,  and  their  mono-substituted  homologues  were  observed  in  the  particulate 
sample  from  the  surface  (2m).  A  petroleum  source  seems  unlikely  for  these 
aromatics,  due  to  the  sparsity  of  alkylated  members  of  the  two-  and  three- 
ringed  aromatic  series.  A  more  likely  source  would  be  a  combustion  (pyro- 
genic)  source  perhaps  related  to  trace  amounts  of  shipboard  contamination. 

3.2.4  Station  PIX  14 

Petroleum  hydrocarbons  associated  with  the  IXTOC-I  blowout  were  detected 
in  the  subsurface  water  at  this  station  located  44  km  from  the  wellhead.  A 
vertical  profile  of  the  compositional  changes  of  the  saturated  particulate 
hydrocarbons  (1-14  m)  is  shown  in  GDD's  (Figure  15).  Concentrations  of 
petroleum-associated  components  increase  with  depth.  Small-scale  spatial 
heterogeneities  are  apparent  in  the  lack  of  consistent  compositional  charac- 
teristics of  the  samples  at  a  given  depth  (Table  5).  Compositional  patchiness 
is  noted  especially  in  the  SHWR  (Table  5),  which  varies  from  1.1  to  1.3.  A 
suite  of  substantially  weathered  (AWR  =  1.0-1.1)  aromatic  hydrocarbons  charac- 
terizes the  particulates  at  14  m  with  total  fo  fraction  concentrations  10 
jjg/L  and  individual  alkylated  fluorenes,  phenanthrenes,  and  dibenzothiophenes 
present  in  concentrations  from  1  to  30  ng/L  (Figure  15). 

3.2.5  Station  PIX  12 

Significant  quantities  (60-70  ng/L)  of  petroleum  hydrocarbons  were 
present  at  this  station.  Only  two  whole  water  samples  (unf il tered) ,  at  6  and 
20  m,  were  collected  and  analyzed.  Total  hydrocarbon  levels  were  similar  at 
both  6  and  20  m.  Compositional  ly,  all  the  samples  appeared  to  be  a  combi- 
nation of  weathered  tar  and  a  dissolved-type  distribution  of  alkyl  benzenes 
and  naphthalenes  (Figure  16)  with  individual  aromatic  components  in  the  20-100 
ng/L  range.  This  station  appears  to  lie  on  the  outer  edge  of  the  subsurface 
distribution  of  large  amounts  of  dispersed  petroleum  from  the  wellheat  (Fiest 
and  Boehm,  this  symposium). 

The  exact  relation  of  the  observed  weathered  hydrocarbon  distribution  to 
the  main  subsurface  oil  plume  is  difficult  to  determine.  The  preponderance  of 
soluble  aromatics  in  the  whole  water  at  PIX  12  results  in  a  high  AWR  (5.1), 
characteristic  of  the  filterable  (dissolved)  hydrocarbons  at  stations  closer 
to  the  well.  This  may  indicate  that  detectable  subsurface  oil,  remote  from 
the  blowout,  is  comprised  of  a  diluted  dissolved  hydrocarbon  plume,  confirming 
spectrofluorometric-derived  conclusions  (Fiest  and  Boehm,  this  symposium). 
Saturated  hydrocarbons  at  a  depth  of  20  m  are  less  weathered  (SHWR  =  1.33) 
than  those  at  6  m  (SHWR  =  1.12),  which  appear  similar  in  composition  to  sur- 
face mousse  from  the  area  (PIX  08,  RIX  07,  see  Table  2). 
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Figure  15.     Station   PIX  14  -  particulate   hydrocarbons. 
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3.2.6  Station  PIX  08 

This  station,  located  at  the  edge  of  the  particulate  oil  plume,  was 
intensely  sampled.  Vertical  profiles  (6,  16,  and  19  m)  of  whole  water  samples 
and  particulate  material  were  obtained  simultaneously  with  acoustic  reflec- 
tance profiling  (Walter  and  Proni,  this  symposium).  A  dissolved  (filtered) 
hydrocarbon  sample  was  obtained  at  6  m. 

At  6  m,  the  whole  water  contained  considerable  quantities  of  IXTOC-I 
petroleum  hydrocarbons,  280  ug/L  of  saturated  (f^),  and  51  ug/L  of  aromatic 
hydrocarbons.  The  saturate  fraction  contained  a  composite  of  oil  that  had 
been  weathered  by  physical/chemical  processes  (~  80  g/L)  (SHWR  =  1.25)  and  a 
large  amount  ("-200  ug/L)  of  paraffinic  tar  characterized  by  UCM  and  high- 
molecular  weight  paraffins.  Individual  aromatic  hydrocarbons  were  present  at 
levels  from  40  to  600  ng/L,  with  the  naphthalene  and  dibenzothiophene  families 
dominating.  The  simultaneous  presence  of  significant  quantities  of  naphtha- 
lenes in  a  sample  containing  a  weathered  saturate  fraction  in  the  C-^q  to  Zyj 
range  suggests  that  the  whole  water  sample  consists  of  significant  quantities 
of  both  dissolved  and  particulate  hydrocarbons.  GDD  presentations  of  whole 
water  compositions  are  presented  in  Figure  17. 

The  filtered  (dissolved)  sample  from  this  depth  (6  m)  contained  only 
small  quantities  of  saturated  hydrocarbons  but  sizeable  quantities  of  naphtha- 
lene (50  ng/L)  and  its  C^  through  C*  alkylated  homologues  (dimethyl 
naphthalene  =  530  ng/L).  Trimethyl  and  tetramethyl  benzene  compounds  were 
present  at  the  200-500  ng/L  level.  Only  very  small  quantities  of  other 
aromatic  families  (e.g.,  phenanthrenes)  were  present  (see  Figure  18),  indi- 
cating the  predominance  of  truly  dissolved  aromatic  hydrocarbon  compounds. 

The  particulate  oil  (Figure  19)  at  this  depth  consisted  of  whole  oil 
(fi  as  100  ug/L,  fo  -  60  ug/L),  which  was  less  weathered  than  oil  at  stations 
farther  away  from  the  blowout.  Considerable  quantities  of  n-Cii  to  n-Ciy 
alkanes  were  present  (SHWR  =  1.4-1.5).  The  aromatic  spectrum  is  similar  to 
the  oil  at  the  wellhead  except  for  a  ^60%  depletion  of  the  two-ringed 
aromatics,  probably  through  dissolution  of  the  naphthalenes,  relative  to  the 
dibenzothiophenes.  Naphthalene  and  methyl  naphthalene  were  absent  in  the 
particulate  samples,  indicating  that  these  compounds  are  present  in  seawater 
most  likely  in  a  dissolved  form. 

At  16  m,  IXTOC-I  oil  was  found  in  the  whole  water  sample  in  greater  con- 
centrations (three  to  four  times;  f^  =  292  ug/L;  f^  =  209  ug/L)  than  in  the 
surface  water.  Low-molecular  weight  compounds  were  present  in  both  the 
saturate  and  the  aromatic  fractions  (SHWR  =  1.8;  AWR  =  2.5),  with  the  naphtha- 
lenes dominating  the  aromatic  spectrum  (Figure  17).  The  compositions  of  both 
the  f-L  (Figure  20)  and  f2  fractions  are  nearly  identical  to  that  of  the 
reference  wellhead  dispersion  sample  (see  Figure  12). 

The  particulate  oil  at  16  m  was  \/ery  different  in  character  than  in  the 
whole  water.  Low-molecular  weight  alkanes,  while  still  present,  were  depleted 
(SHWR  =  1.6).  The  absolute  concentrations  of  particulate  oil  were  much  lower 
in  the  whole  water,  probably  owing  more  to  patchiness  in  the  water  column  than 
to  a  preponderance  of  dissolved  material  in  the  water  column.  However,  quali- 
tatively the  unsubstituted  and  methyl  naphthalenes  appear  to  be  associated 
with  the  dissolved  fraction,  as  the  particulate  aromatics  are  primarily 
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comprised  of  dibenzothiophenes  (10-200  ng/L),  phenanthenes  (7-100  ng/L),  and 
C2,  C3,  and  C4  substituted  naphthalenes  (7-100  ng/L)  (AWR  =  1.2).  Naphtha- 
lenes, completely  absent  from  the  particulate  samples,  were  quite  abundant  in 
the  whole  waters.  Phenanthrenes  and  dibenzothiophenes  dominated  the  parti- 
culate aromatic  fraction,  while  naphthalenes,  phenanthrenes,  and  dibenzothio- 
phenes were  all  present  in  the  whole  waters.  Presumably,  although  not 
directly  measured,  the  naphthalenes  are  associated  with  a  dissolved  form. 

At  19  m,  the  concentrations  of  hydrocarbons  were  much  lower  than  in  the 
16  m  sample,  thus  indicating  a  sharp  discontinuity  in  subsurface  oil  layers  at 
this  station.  The  19-m  whole  water  sample  was  depleted  in  both  light 
aliphatic  (SHWR  =  1.3)  and  aromatic  (AWR  =  1.6)  compounds  relative  to  the  16  m 
whole  water  sample.  It  is  qualitatively  similar  to  the  6-m  sample  (above  the 
apparent  enriched  16-m  layer),  but  in  somewhat  lesser  concentrations  (Table 
4).  Particulate  hydrocarbons  at  19  m,  however,  were  found  in  much  lesser 
concentrations  than  at  6  or  16  m  and  were  compositional ly  more  weathered 
(SHWR  =  1.1-1.2;  AWR  =  1.0)  than  the  particulates  above,  thus  indicating  a 
quantitative  and  qualitative  (compositional)  gradient  with  depth-decreasing 
concentration  and  increased  weathering. 

The  particulate,  whole  water,  and  dissolved  (filterable)  petroleum 
hydrocarbons  appear  to  reflect  significant  compositional  differences  related 
to  both  size  fractionation  and  chemical  weathering.  A  subsurface  plume 
consisting  of  light  aromatic  and  light  aliphatic  (n-C-^g  to  n-Ciy)  compounds  in 
the  whole  water  sample  and  not  in  macroparticulates  suggests  that  a  dissolved 
and/or  microparticulate  (colloidal)  dispersion  dominates  this  plume. 

3.2.7  Station  PIX  15 

Whole  water  and  particulate  petroleum  hydrocarbons  were  sampled  at  this 
station  from  2,  6,  and  20  m.  At  2  m  depth,  the  quantity  of  hydrocarbons  in 
the  particulate  phase  approximately  equals  that  in  the  whole  water  (f-^  whole  = 
96  u9/L;  f^  particulate  =  93  ug/L).  In  contrast  to  Station  PIX  08,  the 
dissolved  fraction  of  this  sample  set  contains  only  small  quantities  of 
saturate  and  aromatic  hydrocarbons.  The  compositions  of  the  whole  water  and 
the  particulate  samples  are  not  equivalent,  though,  with  the  amount  of 
weathering  of  the  light  end  (n-Cin  to  n-Cjj)  being  greater  in  the  whole  water 
samples  (SHWR  =  1.35;  Figure  21)  than  in  either  of  the  surface  particulate 
samples  (1.6-1.7;  Figure  22).  The  ALK/ISO  ratio  of  the  samples  equals  3.5  and 
3.7  for  the  whole  water  and  the  particulates,  respectively,  indicating  insig- 
nificant microbial  degradation  (reference  oil  =  4.1)  at  2  m. 

Replication  between  the  two  filtered  particulate  samples  collected  at  2, 
6,  and  20  m  is  quite  good  (Figure  22),  indicating  minimal  quantitative  and 
qualitative  differences  related  to  sampling.  Sampling  replication  results 
indicate  the  following  coefficients  of  variation  (standard  deviation/mean)  for 
the  following  parameters:  aliphatics  (fi)  =  +  10%;  aromatics  (f2)  =  +  30%; 
individual  compounds  =  +  30%.  These  values  are  not  typical  for  the  entire 
study  region,  as  the  more  hydrocarbon-rich  water  samples  exhibited  greater 
patchiness. 

The  particulate  samples  at  6  m  are  qualitatively  and  quantitatively 
similar  to  those  at  2  m.   Particulate  saturate  hydrocarbons  were  present  in 
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concentrations  of  40-76  ug/L,  while  the  total  aromatic  fraction  ranged  from  29 
to  44  ug/L.  The  aromatic  hydrocarbon  spectra  (Figure  23)  is  dominated  by  the 
phenanthrenes  (~220  ng/L)  and  dibenzothiophenes  (~  330  ng/L),  with  signi- 
ficant quantities  of  alkylated  naphthalenes  (~  90  ng/L)  and  fluorenes  (~  80 
ng/L)  present.  Saturated  hydrocarbons  in  the  particulates  have  weathered  only 
to  the  point  where  SHWR  =  1.7.  This  pattern  represents  an  intermediate 
weathering  stage,  in  which  substantially  more  material  in  the  n-Ci2  to  n-C^j 
range  is  present  than  in  most  other  particulate  samples  in  the  study.  This 
relative  enrichment  of  light  saturated  hydrocarbons  in  the  2-  and  6-m  samples 
is  significant  in  terms  of  relating  composition  to  lateral  transport  of 
subsurface  oil  (see  Discussion). 

At  20  m,  a  different  picture  emerges.  Particulate  hydrocarbons  at  this 
depth  are  substantially  "older"  in  terms  of  weathering,  which  is  indicated  by 
a  lower  ALK/IS0  ratio  (equals  2.7  and  2.8  for  the  replicates)  due  to  slight 
biodegradation  and  a  lesser  SHWR  (1.3)  due  to  increased  evaporation/ 
dissolution.  The  aromatic  fraction  (Figure  23)  is  depleted  in  the  C^  and  Co 
naphthalene  compounds  as  well  and  consists  mainly  of  dibenzothiophenes  (~  160 
ng/L)  and  phenanthrenes  (~100  ng/L).  Absolute  saturate  particulate  hydro- 
carbon concencentrations  are  22-30  ug/L  and  aromatics  are  9-14  ug/L, 
significantly  lower  than  in  the  surface  (<  6  m)  waters.  Thus,  the  water 
column  profiles  reveal  not  only  less  material  with  depth  but  also  a  more 
weathered  version  of  IXT0C-I  oil. 


3.2.8  Station  PIX  11 

Whole  seawater  samples  collected  with  60-FLO  bottles  at  6  and  20  m  at 
this  station,  located  approximately  10  km  from  the  wellhead,  revealed  fresh 
oil  with  abundant  naphthalenes  (~  3,400  ng/L;  Figures  24  and  25)  at  the  near 
surface.  The  AWR  equals  3.0,  indicating  that  naphthalenes  are  dominant  to  a 
greater  extent  than  in  the  reference  mousse,  again  demonstrating  that 
significant  quantities  of  dissolved  naphthalenes  influence  the  whole  water 
composition.  The  total  aromatic  fraction  and  saturate  fraction  concentrations 
are  174  and  221  ug/L,  respectively,  in  the  6-m  sample.  Saturated  hydrocarbons 
contain  relatively  unweathered  alkanes  n-C]_Q  to  n-Ciy  (SHWR  =  1.5-1.7).  At  20 
m,  the  composition  of  the  sampled  oil  is  identical  to  that  at  the  surface, 
although  of  less  concentration  (f^  =  74  ug/L;  fo  =  46  ug/L). 

3.2.9  Station  PIX  10 

This  station,  located  closer  to  the  blowout  site  (<  0.8  km),  was  sampled 
at  the  surface  (2  m)  for  dissolved,  particulate,  and  whole  water  hydro- 
carbons. This  sample  set  reveals  perhaps  the  clearest  picture  of  qualitative 
and  quantitative  partitioning  of  oil  between  the  dissolved  and  particulate 
phases.  Comparison  of  compositional  patterns  (Figures  26,  27,  28)  reveals 
basic  information  on  the  qualitative  partitioning  process  and  also  on  the 
relative  kinetics  of  weathering.  Particulate  hydrocarbons  are  comprised  of 
the  component  distributions  shown  in  Figures  26B,  27B,  and  28B.  By  com- 
parison, the  dissolved  (filterable)  fraction  (Figures  26C,  27C,  28C)  contains 
primarily  naphthalenes  (and  alkyl  benzenes)  in  the  aromatic  fraction,  with 
only  small  quantities  of  other  aromatics.  Alkane  distributions  of  the 
dissolved  material  exhibit  a  component  distribution  with  a  maximum  at  n-C-^g. 
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Figure  26. 


Station   PIX  10  -  whole  seawater  at  2  m  depth   (A),   particulate   (B), 
and  dissolved    (C)   hydrocarbons   (f, ,   f2). 
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Figure  27. 


Aromatic  hydrocarbons  in  whole  water  (A),  particulate  (B),  and  dissolved  (C) 
fractions  from  PIX  10  at  2  m  depth  (N=  naphthalenes;  AB=alkyl  benzenes). 
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Figure  28.   Saturated  hydrocarbons  in  whole  water  (A),  particulate  (B),  and  dissolved 
(C)  fractions  from  Station  PIX  10  at  2  m  depth. 
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While  the  naphthalenes  appear  to  have  partitioned  into  the  dissolved  phase, 
the  low-molecular  weight  alkanes  (n-C^Q  to  n-C^)  are  still  associated  with 
the  particulate  phase.  The  whole  water  aromatic  fraction  reflects  the  sum  of 
the  naphthalene-rich  dissolved  phase  and  the  particulate  phase  wherein 
fluorenes,  phenanthrenes,  and  dibenzothiophenes  are  important  (Figure  26A). 
The  whole  water  saturate  fraction  is  nearly  identical  to  the  particulate 
sample.  Thus,  aromatic  and  saturate  fractions  behave  quite  independently  from 
each  other  and  appear  to  partition  at  different  rates. 

Concentrations  of  petroleum  in  the  water  column  at  PIX  10  are  roughly 

7,000  ug/L  of  total  petroleum,  with  levels  of  alkyl  benzenes  ad  naphthalenes 

at  6.5  and  100  ug/L,  respectively.  Much  of  these  light  aromatics  exist  in  a 
filterable  (dissolved)  state. 

3.2.10  Station  PIX  05 

Three  samples  of  whole  water  were  obtained  at  this  station  located  0.5  km 
from  the  blowout  site.  Samples  obtained  at  2,  6,  and  20  m  differed  signifi- 
cantly in  their  compositions  and  concentrations  (Figure  29).  Saturated  and 
aromatic  concentrations  were  approximately  the  same  at  2  and  20  m  (200-400 
ug/L)  but  were  higher  at  6-m  depth  (~  1,150  ug/L).  The  2-m  sample  exhibited  a 
decreased  abundance  of  naphthalene  compounds  relative  to  dibenzothiophenes, 
perhaps  indicating  a  "stripping"  of  soluble  aromatics  from  the  oil  during  its 
ascent  from  the  sea  bed.  This  fact  is  further  supported  by  the  alkyl  benzene 
distribution  in  the  water  column.  The  concentration  of  C3,  C^,  and  C5  alkyl 
benzenes  in  the  top  20  m  was  much  higher  at  6  m  (~  1,200  ng/L)  compared 
with~200  ng/L  at  20  m  and  ~50  ng/L  at  2  m.  The  6-m  samples  also  contained 
more  low-boiling  alkanes  (SHWR  =  1.7)  compared  to  samples  above  (2  m  =  1.4) 
and  below  (20  m  =  1.4),  implying  a  midwater-enriched  layer,  perhaps  a  source 
of  laterally  advected  plumes  observed  at  stations  farther  from  the  well. 

3.2.11  Station  PIX  07 

Whole  (unfiltered)  water  column  samples  taken  on  the  "upwind"  side  of  the 
wellhead  where  no  observable  surface  slick  was  noted  contained  small  quan- 
tities of  weathered  paraffinic  oil  (~  40  ug/L).  Material  collected  at  this 
station  was  much  older  than  most  other  particulates  collected  and  may 
represent  a  maximum  weathering  state  of  particulates.  Note  that  biodegra- 
dation  appears  to  have  slightly  affected  the  alkane  to  isoprenoid  ratio  (Table 
4),  and  hence  the  saturate  composition  of  the  6-m  sample,  to  the  same  extent 
as  for  the  20-m  PIX  15  particulates. 


DISCUSSION 


4.1  Surface  Oil/Microlayer 

Despite  the  lack  of  a  strong  correlation  between  the  petroleum  hydro- 
carbon composition  of  the  surface  oil  samples  and  the  distance  between  the 
sampling  stations  and  the  blowout,  a  pattern  of  progressive  weathering  of  the 
surface  oil  samples  is  evident.  Surface  oil  can  weather  to  varying  extents  by 
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evaporation,  dissolution,  microbial  degradation,  and  photochemical  oxidation, 
which  are  mediated  by  physical  processes  (e.g.,  mixing,  emulsif ication) .  The 
relative  importance  of  each  of  these  processes  can  be  deduced  by  comparing  the 
chemical  composition  of  surface  oil,  emulsified  oil  mousse,  and  microlayer 
samples. 

The  oil  that  reached  the  ocean  surface  at  the  IXTOC-I  blowout  had  already 
progressed  through  the  early  stages  of  weathering.  The  high  shear  at  the 
ocean  bottom  where  the  oil  was  released  strongly  mixed  the  oil  with  seawater 
and  formed  an  oil-in-water  dispersion.  Seawater  had  begun  dissolving  the  low- 
boiling  saturated  and  aromatic  hydrocarbons,  and  the  gaseous  components  had 
formed  bubbles  that  either  rose  to  the  surface,  where  they  burned  in  the  fire 
at  the  sea  surface,  or  were  released  to  the  atmosphere,  or  were  transported 
laterally  for  some  distance  in  the  subsurface  waters  (Brooks  et  al.,  this 
symposium) . 

Two  samples  collected  at  stations  PIX  05  and  PIX  10  were  the  least 
weathered  surface  oil  samples  found  and  are  assumed  to  be  representative  of 
oil  that  had  recently  surfaced.  The  oil  in  these  samples  had  formed  an  oil- 
in-water  emulsion  that  had  a  watery  consistency  and  strongly  adhered  to 
objects  that  they  contacted.  Alkanes  from  n-Cg  to  n-C-^  and  substituted 
aromatics  with  one,  two,  and  three  rings  predominated  in  gas  chromatograms  of 
these  samples.  By  comparing  the  petroleum  hydrocarbon  compositions  of  other 
surface  oil  samples  with  that  of  the  reference  samples  collected  at  the  well 
blowout,  the  sequential  weathering  of  the  oil  can  be  deduced. 

Whereas  evaporative  weathering  causes  an  equivalent  depletion  of  saturate 
and  aromatic  compounds  with  low  boiling  points,  dissolution  preferentially 
depleted  low-boiling  aromatics  relative  to  saturate  compounds  due  to  the  much 
larger  solubilities  of  the  aromatics.  The  nearly  equivalent  loss  of  both 
saturate  and  aromatic  hydrocarbons  with  low  similar  boiling  points  and 
different  solubilities  suggests  that  evaporation  is  the  predominant  weathering 
mechanism  influencing  the  composition  of  mousse  samples. 

The  ratio  of  an  aromatic  compound  (methyl  dibenzothiophene)  to  an  alkane 
(n-C^)  with  equivalent  boiling  points  but  different  solubilities  can  be  used 
to  evaluate  the  relative  importance  of  dissolution.  This  ratio  is  0.39  in  the 
reference  oil  and  decreases  to  no  less  than  0.20  in  any  of  the  mousse  samples. 
For  those  samples  with  CiDBT/n-C^  equal  to  approximately  0.20,  roughly  70%  of 
the  n-C-jy  has  been  lost  by  evaporation.  If  we  can  assume  that  C^DBT  is 
evaporated  similarly  to  n-C-jj,  then  approximately  70%  of  the  C^DBT  in  the 
original  oil  has  been  lost  by  evaporation,  15%  by  dissolution,  and  15% 
remains.  In  the  most  weathered  samples  collected  near  the  well,  dissolution 
is  shown  to  be  an  important  but  secondary  weathering  mechanism  for  the  mousse 
samples. 

The  extent  of  microbial  degradation  of  the  mousse  samples  can  be  followed 
with  the  ALK/IS0  ratio,  which  is  designed  to  approach  zero  as  n-alkanes  are 
preferentially  depleted  relative  to  branched  alkanes  by  bacterial  action. 
This  ratio  is  4.1  in  the  reference  oils  and  is  no  lower  than  3.0  in  virtually 
all  of  the  mousse  samples.  We  conclude  that  a  significant  biochemical 
depletion  of  the  n-alkanes  in  the  mousse  is  not  occurring.  The  primary  reason 
for  the  lack  of  microbial  weathering  appears  to  be  related  to  the  low 
concentrations  of  nutrients  in  the  underlying  water,  although  some  chemical 
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inhibition  by  photo-decomposition  products  of  the  oil  cannot  be  ruled  out 
(Larson  et  al.,  1979).  Samples  of  mousse  collected  as  far  north  as  the  Texas 
coast  show  little  evidence  of  microbial  degradation.  The  absence  of  observed 
degradation  as  a  result  of  microbial  activity  contrasts  with  other  coastal 
spills,  e.g.,  AMOCO  CADIZ,  for  which  microbial  degradation  played  an  important 
role  in  the  weathering  of  the  oil  (Atlas  et  al . ,  1980). 

The  tar  sample  collected  at  station  RIX  13  off  Tampico,  Mexico,  is 
anomalous  in  that  extensive  microbial  degradation  of  a  surface  oil  sample  was 
found.  The  apparent  enhancement  of  microbial  activity  associated  with  this 
sample  may  have  resulted  from  its  association  with  floating  algae  in  a 
windrow.  Nutrients  may  have  been  released  from  decomposing  plant  matter  or 
fixed  by  blue-green  algae  and  hence  introduced  to  the  microenvironment  of  the 
tarball,  thereby  enhancing  microbial  degradation. 

Another  important  weathering  pathway  for  the  oil  in  the  mousse  patches 
was  the  emission  of  material  to  a  surface  sheen  surrounding  the  mousse 
patches.  This  mechanism  by  which  oil  was  transferred  from  the  mousse  to  thin 
surface  film  was  observed  for  all  patches  of  mousse  that  were  encountered. 
From  the  helicopter,  the  sheen  associated  with  the  mousse  patch  was  often  more 
visible  than  the  patches  of  mousse  associated  with  it.  The  hydrocarbons  in 
the  microlayer  are  more  extensively  evaporated  than  were  hydrocarbons  in  the 
mousse  sample,  as  a  result  of  the  much  greater  surface  area/volume  of  the 
microlayer.  The  more  extensive  loss  of  the  aromatics  relative  to  saturates, 
as  evidenced  in  the  CiDBT/n-C-^  ratio,  is  most  likely  a  result  of  dissolution 
and/or  photo-decomposition  of  the  aromatics  in  the  microlayer*  ■ 

4.2  Seawater/Particulates 

Whole  water,  particulate,  and  filterable  hydrocarbons  are  operationally 
defined  in  this  study,  with  particulate  material  being  that  trapped  on  a 
Gelman  A/E  glass  fiber  filter  (98%  retention  of  particles  greater  than  or 
equal  to  0.3  urn),  and  dissolved  and/or  colloidal  material  being  that  which 
passes  through  the  filter.  Although  the  operational  definition  does  not 
permit  rigorous  interpretation  of  results  in  terms  of  physical/chemical 
realities,  the  particulate  and  filterable  fractions  will  behave  differently, 
primarily  due  to  the  greater  surface  area  and  lesser  buoyancy  of  the  latter  as 
well  as  to  the  fact  that  significant  quantities  (estimated  to  be  _>  50%  of  the 
filterable  fraction)  of  hydrocarbons  passing  the  filter  are  truly  dissolved. 
Compositionally,  all  material  passing  th'e  filter  is  similar  to  the  "water- 
soluble  fractions"  used  by  many  researchers  in  evaluating  acute  and  sublethal 
toxicities.  The  submicron  colloidal  material  can  be  viewed  as  having  a  large 
surface  area  to  volume  ratio,  which  promotes  rapid  dissolution. 

It  also  should  be  noted  that  this  study  addresses  "high-molecular  weight" 
hydrocarbon  distributions  -  saturated  hydrocarbons  larger  than  n-C-^g  (decane) 
and  aromatics  with  higher  boiling  points  than  the  ethyl  (or  dimethyl) 
benzenes.  Thus,  the  results  from  this  study  should  be  viewed  as  complementary 
to  those  of  the  volatile  and  gaseous  hydrocarbons  in  subsurface  waters 
(Brooks  et  al.,  this  symposium). 

Throughout  the  evaluation  of  the  results  of  this  study,  it  should  be  kept 
in  mind  that  the  time  lag  between  whole  water  and  particulate/dissolved 
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samplings  was  considerable  (~  30  min).  Thus,  heterogeneities  in  the  water 
column  may  explain  any  lack  of  "additivity"  of  particulate  plus  dissolved  and 
whole  waters. 

The  gas  chromatograms  of  filtered  seawater  reveal  aromatic  compositions 
quite  different  from  the  particulate  material  and  quite  similar  to  those  of 
laboratory-prepared  water  soluble  fractions  (e.g.,  Zurcher  and  Thuer,  1978; 
see  Figure  27C).  The  filtered  seawater  contains  relatively  greater  quantities 
of  the  more  soluble  alky!  benzenes  and  naphthalenes,  compared  with  phenan- 
threnes  and  dibenzothiophenes  (AWR  _>  6).  Particulate  oil,  on  the  other  hand, 
is  comprised  of  an  aromatic  hydrocarbon  distribution  similar  to  that  of  a 
weathered  mousse,  but  depleted  in  the  lower  boiling  aromatic  compounds  and 
enriched  in  phenanthrene  and  dibenzothiophene  homologs.  Any  unresolved 
material  (UCM)  is  usually  associated  with  the  particulate  fraction,  virtually 
absent  from  the  filterable  (dissolved)  fraction,  and  sporadically  observed  in 
the  whole  water  samples. 

Whole  water  samples  are  consistently  enriched  in  light  aromatic  compounds 
relative  to  wellhead  oil  or  overlying  weathered  mousse.  The  explanation  is 
not  to  be  found  entirely  in  the  dissolved  fraction,  which  contains  only  as 
much  as  20%  of  the  total  light  aromatics  found  in  whole  water.  Shaw  and  Reidy 
(1979)  found  that  a  marked  chemical  fractionation  of  crude  oil  occurred  upon 
dispersion;  the  resultant  whole  water  dispersion  apparently  contained 
filterable  material  (colloidal  and  dissolved)  enriched  in  light  aromatics  and 
depleted  in  saturates  (alkanes).  The  authors  showed  an  important  relationship 
between  mixing  energy,  chemical,  and  physical  size  fractionation.  Such  a 
relation  appears  to  dictate  the  whole  water  chemistry  in  samples  taken  under 
the  surface  plume.  The  15-20  m  thick  acoustic  scattering  layer  (Walter  and 
Proni,  this  symposium)  is  characterized  by  an  aromatic-enriched  whole  water 
hydrocarbon  assemblage  and  a  slightly  aromatic-depleted  set  of  particulate 
samples.  The  whole  water  probably  consists  of  small  particles  among 
colloidal/dissolved  plume,  and  the  particulates  probably  consist  of  larger 
particles  slightly  depleted  in  aromatics  relative  to  surface  mousse. 

It  is  clear  from  the  set  of  samples  at  PIX  10  (Figures  27  and  28)  that 
most  of  the  water-borne  petroleum  is  in  a  particulate  (droplet)  form.  One  to 
two  percent  of  the  total  fi  and  f«  fraction  concentrations  of  the  whole  water 
sample  is  "dissolved"  or  passes  the  filter.  Some  of  this  "dissolved"  oil  may 
not  be  truly  dissolved,  but  judging  by  the  grossly  different  aromatic 
hydrocarbon  profiles  of  the  dissolved  and  particulate  matter  (Figure  27),  we 
assume  most  of  the  aromatics  passing  the  filter  to  be  in  a  dissolved  or 
solubilized  form.  While  significant  amounts  of  the  naphthalenes  and  alkyl 
benzenes  (20-50%)  may  have  partitioned  into  the  dissolved  phase,  the  filtered 
sample  contains  little  indication  of  low-molecular  weight  (n-CiQ  to  n-C^ 
alkanes).  The  saturated  components  at  PIX  10  and  in  subsurface  waters  in 
general  are  associated  with  the  particulate  phase.  Thus,  the  saturates  and 
aromatics  within  a  petroleum  hydrocarbon  mixture  are  exhibiting  different 
dissolution  kinetics.  Similar  disparate  behavior  is  consistently  observed  in 
laboratory  studies  (e.g.,  Boehm  and  Quinn,  1975;  Zurcher  and  Thuer,  1978). 
While  the  dissolved  fractions  represent  only  one  to  two  percent  of  the  total 
oil  concentration  in  the  water  column,  the  dissolved  alkyl  benzenes, 
naphthalenes,  methyl  naphthalenes,  and  total  naphthalenes  represent  15,  30, 
16,  and  7  percent  of  their  respective  whole  water  concentrations. 
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The  areal  distributions  and  vertical  profiles  of  the  concentration  and 
composition  of  subsurface  dissolved  and  particulate  oil  within  the  blowout's 
major  impact  area  (0-70  km  from  the  wellhead)  during  11-27  September  are  not 
simple  functions  of  decreasing  concentrations  and  increasing  weathering  with 
time  (distance)  from  the  blowout  site.  Small-scale  spatial  heterogeneity, 
both  quantitative  and  compositional,  of  the  subsurface  oil-rich  plumes, 
observed  especially  at  Station  PIX  08,  indicates  that  the  chemical  obser- 
vations are  influenced  by  weathering  kinetics  rather  than  equilibria.  What 
seems  to  be  quite  apparent  is  that  a  significant  part  of  the  subsurface 
petroleum  hydrocarbon  distributions  is  decoupled  from  surface  mousse.  That  is 
to  say  that  significant  amounts  of  oil  injected  into  the  water  column  from  the 
sea  bed  blowout  probably  remain  in  the  water  column  for  significant  periods  of 
time,  presumably  depending  on  droplet  size,  buoyancy,  and  water-column  hydro- 
graphy. Laboratory  studies  (Shaw  and  Reidy,  1979)  have  shown  that  important 
compositional  differences  occur  as  particle  size  decreases;  small  particles 
(submicron)  are  enriched  in  the  more  toxic  components  of  crude  oils  (i.e., 
light  aromatics).  Once  at  the  surface,  little  exchange  occurs  via  dissolution 
of  hydrocarbons  from  the  surface  slick  to  the  water  column.  This  does  not 
imply  that  major  hydrographic  forces  such  as  wind-induced  turbulence  could  not 
drive  oil  back  onto  the  water  column.  However,  the  particulate  hydrocarbons 
in  the  water  column  are  consistently,  significantly  different  from  the 
overlying  mousse/oil.  Furthermore,  whole  water  samples  beneath  the  surface 
oil  slick  contain  greater  relative  quantities  of  low-boiling  aromatic 
hydrocarbons  (e.g.,  alkyl  benzenes,  naphthalenes,  fluorenes)  than  does  the 
surface  oil,  implying  1)  subsurface  transport  of  "fresh"  oil  plumes  or 
dissolved  gaseous  hydrocarbon,  or  2)  vertical  mixing  of  surface  oil  down  to 
20  m  with  resultant  fractionation  (dissolution)  of  soluble  components.  These 
two  hypotheses  are  pursued  below. 

4.3  Interrelationships  between  Mousse,  Seawater,  and  Water-borne  Particulates 

The  relative  hydrocarbon  compositions  of  the  surface  oil/mousse,  whole 
water,  and  particulate  oil  can  be  evaluated  graphically  (Figure  30)  by 
considering  two  key  parameter  ratios:  the  saturated  hydrocarbon  weathering 
ratio  (SHWR)  and  the  aromatic  hydrocarbon  weathering  ratio  (AWR),  both  pre- 
viously defined  in  the  Results  section.  One  of  the  significant  findings  of 
this  study  was  the  determination  that  biodegradation  was  nearly  inoperative  in 
the  open  sea  except  in  \/ery  specialized  microenvironments  (see  below). 
Therefore,  as  the  ratio  of  alkanes  to  isoprenoids  (ALK/IS0)  remains  nearly 
constant  at  3.5-4.5  for  all  samples,  the -SHWR  and  AWR,  which  are  functions  of 
evaporation  and  dissolution,  appear  to  tell  nearly  the  entire  weathering 
"story"  in  the  water  column  within  50  km  of  the  blowout  and  over  hundreds  of 
kilometers  at  the  sea  surface.  Photochemical  weathering,  which  is  important 
in  the  tropical  climate  of  the  IXT0C  blowout,  probably  becomes  the  major 
process  acting  on  the  surface  oil  beyond  100  km  or  so  from  the  wellhead.  It 
is  not  known  how  photochemical  changes  in  the  oil's  composition  compete  with 
evaporation/dissolution  in  changing  these  parameter  ratios. 

A  plot  of  SHWR  vs.  AWR  (Figure  30)  illustrates  interesting  and  consistent 
weathering  relationships  between  the  various  sample  types.  Weathering  pre- 
sumably proceeds  in  a  step-wise  fashion  (similar  to  distillation  stages)  down 
the  weathering  curves  (Figure  31).  The  size  of  the  steps  is  dictated  by 
reaction  kinetics.  The  SHWR/AWR  curves  represent  pseudo-equilibria  for  the 
three  sample  types. 
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Figure  30.     Weathering  of  various  types  as   indicated   by  relative 
saturated  and  aromatic  weathering   parameters. 
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Figure  31.  Ideal  stepwise  weathering  behavior  of  each  sample  type 
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According  to  the  formulation  of  these  ratios,  weathering  begins  at  a 
composition  equivalent  to  oil  introduced  at  the  blowout  site  and  continues  in 
a  direction  approaching  the  origin  (i.e.,  SHWR  and  AWR  =  1.0).  The  highly 
weathered  microlayer  samples  form  the  weathered  "end-member."  Although  it  is 
difficult  to  determine  the  age  of  the  samples  due  to  mixing  of  old  oil  with 
newly  introduced  oil  in  the  study  region,  it  is  possible  to  consider  each 
weathering  curve  as  defining  the  weathering  age  of  the  oil.  Fitting  this  data 
to  established  mathematical  weathering  models  could  then  yield  information  on 
weathering  rates. 

On  the  SHWR  vs.  AWR  plot,  samples  of  each  type  are  clustered  in  distinct 
groups  and  lie  along  weathering  lines.  Mousse  samples  form  one  weathering 
population  of  compositions  intermediate  to  whole  water  and  particulate 
samples.  Dissolved  samples  are  greatly  enriched  in  light  aromatics  and 
depleted  in  aliphatics  relative  to  all  samples,  and  thus  they  lie  off  the 
vertical  scale  of  Figure  30  (e.g.,  AWR  =  6-8,  SHWR  =  1.3).  Particulate 
samples  are  significantly  depleted  in  light  aromatics  relative  to  mousse 
samples.  A  secondary  population  of  particulate  samples  characterizes  PIX  15 
(2  and  6  m)  and  PIX  08  (16  m)  samples  due  to  rapid  aromatic  weathering,  which 
perhaps  is  attributable  to  the  different  exposure  history  of  these  related 
samples.  These  particulate  samples  apparently  are  depleted  in  two-ring 
aromatics  and  "enriched"  in  n-C-.Q  to  n-C-^  aliphatics  (most  notably  n-C-jo, 
n-C]^,  and  n-C-j*)  relative  to  the  main  population  of  particulates.  Whole 
water  at  this  station,  on  the  other  hand,  is  characterized  by  a  large 
enrichment  of  light  aromatic  hydrocarbon  concentrations,  presumably  related  to 
a  coexistence  of  dissolved  (colloidal)  oil  plumes  with  macro-(  >  1  urn) 
particles. 

The  processes  that  account  for  the  whole  waters'  greater  relative  light 
aromatic  hydrocarbon  composition  compared  to  source  material  most  likely 
involve  the  stripping  of  petroleum  aromatics  (naphthalenes  and  fluorenes)  upon 
initial  ascent  to  the  surface  and  continually  along  the  path  of  movement.  The 
stripped  materials  (along  with  neutrally  buoyant  oil  particulates)  are  then 
advected  away  from  the  blowout  site.  Thus,  we  believe  that  a  dissolved  or 
colloidal  enriched  particulate  plume  of  material  is  being  transported 
laterally  to  PIX  08  or  beyond  and  concurrently  is  being  markedly  diluted  by 
seawater. 


4.4  Subsurface  Oil  Plumes 

Whole  water,  particulates,  and  mousse  are  most  similar  in  composition 
near  the  wellhead  (Table  6),  where  great  turbulence  keeps  the  water  column 
well  mixed  and  weathering  processes  have  not  had  much  effect.  At  more  distant 
stations,  whole  waters  consistently  show  aromatic  enrichment  relative  to 
overlying  mousse,  presumably  due  to  one  or  several  processes.  Significant 
quantities  of  oil  may  remain  subsurface,  where  evaporative  loss  of  aromatics 
is  greatly  decreased.  This  results  in  the  "containment"  of  high  levels  of 
aromatics,  which  can  be  lowered  by  dilution  and  diffusion  but  weather  as  a 
separate  population  of  oil.  Alternatively,  particles  of  surface  mousse  may  be 
mixed  down  to  20  m,  large  particles  may  rise  back  to  the  surface,  and  smaller 
particles  may  remain  at  depth  and  coexist  with  aromatic  material  stripped  from 
larger  particulates  prior  to  their  ascent  back  to  the  surface. 
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It  is  difficult  to  separate  the  two  phenomena  near  the  well,  but  the 
existence  and  ultimate  separation  of  the  subsurface  oil  mass  from  the  surface 
mousse  plume  occurs  at  or  before  reaching  PIX  08.  The  vertical  profiles  of 
subsurface  hydrocarbons  obtained  by  pumping  water  from  depths  less  than  20  m 
suggest  the  existence  of  vertical  quantitative  and  qualitative  (compositional) 
discontinuities,  which  can  be  connected  horizontally  (laterally)  between 
stations  along  the  axis  of  advection  (Figure  32). 

On  the  "up  current"  side  of  the  well,  water  at  PIX  07  was  relatively 
uncontaminated  by  IXTOC-I  although  small  amounts  (50-75  ug/L)  of  particulate 
oil  were  observed  at  6  m  while  none  was  sampled  at  20  m.  G0-FL0  bottle 
samplings  at  PIX  11,  located  9  km  from  the  wellhead  and  in  the  plume, 
indicated  that  petroleum  hydrocarbons  were  more  abundant  at  6  m  (400  ug/L) 
than  at  20  m  depth  (120  ug/L),  although  compositional ly  both  were  identical, 
exhibiting  "typical"  whole  water  characteristics:  enhanced  naphthalenes  (AWR 
=  3.0),  an  undegraded  alkane  distribution  (ALK/IS0  =  3.7),  and  an  aliphatic 
distribution  showing  only  slight  weathering  (evaporation)  of  light  aliphatic 
components. 

A  decreasing  concentration  gradient  with  increasing  depth  was  observed  at 
PIX  15.  The  concentration  of  hydrocarbons  observed  in  the  particulate 
fraction  at  2,  6,  and  20  m  ranged  from  100-150  ug/L  at  2,  60-100  ug/L  at  6, 
and  30  ug/L  at  20  m.  The  top  6  m  appear  uniform  compositional  ly.  However, 
the  particulate  aliphatic  hydrocarbon  distribution  at  20  m  reflects  a  small 
but  significant  amount  of  biodegradation  (ALK/IS0  -  2.5)  and  the  depletion  of 
naphthalene  compounds  (AWR  =  1.2-1.3)  relative  to  the  6-m  samples  (AWR  =  1.7- 
1.8).  Such  a  decreasing  gradient  may  reflect  differences  between  oil 
particulates  within  the  main  2-15  m)  subsurface  oil  mass  and  those  at  the 
bottom  (underside)  of  these  lenses. 

The  water  column  hydrocarbon  profile  at  PIX  08  reveals  a  striking  dis- 
continuity at  10-15  m,  at  which  depth  a  subsurface  intrusion  of  aromatic-rich 
material  and  particulate  (aromatic-depleted,  saturated  enriched)  hydrocarbons, 
the  sum  total  resembling  fresh  oil,  is  observed.  The  vertical  profiles  of 
whole  water  is  strikingly  offset  at  the  16-m  sampling  depth  (Figure  32), 
implying  a  large  intrusion  of  dissolved,  or  colloidal  (microparticulate)  oil 
at  this  level  or  great  small-scale  spatial  heterogeneity  within  this 
subsurface  layer.  Macroparticulate  concentrations  (>  1  urn)  show  only  a  minor 
increase  in  concentration,  perhaps  due  to  sampling  heterogeneities  (i.e., 
patchiness). 

Support  for  the  existence  of  subsurface  plumes  comes  from  an  evaluation 
of  the  vertical  profiles  shown  in  Figure  32.  The  whole  water  samples  at 
Station  PIX  11  (~  12  km  from  the  wellhead)  contain  what  we  consider  to  be 
relatively  unweathered,  "fresh"  oil  (SHWR  =  1.7  and  AWR  =  2.9)  and  similar  to 
PIX  05  and  PIX  10  samples.  No  vertical  compositional  gradients  are  evident. 
The  nature  of  the  PIX  11  samples  is  very  similar  to  the  whole  water  sampled  at 
16  m  at  PIX  08  (~  22  km  from  the  wellhead)  and  quite  unlike  the  petroleum  in 
whole  water  samples  taken  at  6  and  19  m  at  this  station,  both  of  which  contain 
a  more  weathered  hydrocarbon  "assemblage."  No  whole  water  samples  were 
obtained  from  PIX  15  (between  PIX  11  and  PIX  08).  However,  the  striking 
anomalous  nature  of  the  PIX  15  and  PIX  08  (10  m)  particulates,  previously 
mentioned,  apparently  links  the  subsurface  oil  at  these  two  stations.  The 
above  relationships,  in  addition  to  the  higher  apparent  concentrations  of 
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particles/droplets  at  the  PIX  08,  10-m  level,  as  revealed  by  acoustical 
reflectance  measurements  (Figure  33;  see  Walter  and  Proni,  this  symposium), 
strongly  suggest  the  existence  of  a  laterally  advected  subsurface  petroleum 
plume. 

4.5  Horizontal   Concentration   Gradients:      Solubility   and   Toxicity 
Considerations 

Horizontal  variations  in  hydrocarbon  concentrations  indicate,  quite 
expectedly,  that  concentrations  of  oil  in  the  water  column  generally  decrease 
with  increasing  distance  from  the  wellhead  (Table  7).  That  most  of  the 
subsurface  water-borne  hydrocarbon  movement  was  toward  the  northeast  and  east 
at  the  time  of  this  research  cruise  is  verified  by  the  occurrence  of  only  low 
levels  of  particulate  hydrocarbons  in  the  water  column  just  to  the  west  of  the 
blowout  location  (PIX  07).  Along  the  axis  of  movement  of  the  surface  oil 
plume,  concentrations  of  total  hydrocarbons  and  of  the  lower-boiling,  more 
soluble  and  volatile  components  (e.g.,  naphthalene)  decrease  due  to  seawater 
dilution. 

In  general,  the  weathering  processes  resulted  in  decreasing  SHWR  and  AWR 
values  with  increasing  distance  from  the  wellhead.  The  major  exceptions 
occurred  within  the  less  weathered,  petroleum-rich  subsurface  plume  at  PIX 
08.  The  weathering  of  saturates  caused  a  change  in  the  SHWR  from  2.5  to  1.0 
over  the  length  and  time  of  transit  of  the  oil  from  the  wellhead  to  approxi- 
mately PIX  14.  The  weathering  of  aromatic  compounds  in  the  particulates 
caused  a  change  in  the  AWR  from  2.2  to  1.0.  These  data  potentially  could  be 
used  to  define  weathering  rates  if  subsurface  current  speeds  were  accurately 
known  (^  0.5-1.0  knots). 

Concentrations  of  some  of  the  more  toxic  compounds  -  alkylated  benzenes, 
naphthalene,  and  methyl  naphthalene  -  appeared  in  the  water  column  in  sizeable 
concentrations,  but  did  not  appear  to  approach  solubility  levels  at  all 
stations  investigated  (Table  8).  It  is  assumed  that  enough  dilution  was 
achieved  so  that  actual  levels  of  aromatic  hydrocarbons  with  boiling  points 
greater  than  that  of  trimethyl  benzene  were  well  below  (three  orders  of 
magnitude)  published  solubility  values  for  benzenes  and  naphthalenes 
(Eganhouse  and  Calder,  1976;  McAuliffe,  1966;  Sutton  and  Calder,  1975). 

Water  soluble  aromatics  may  have  sublethal  effects  on  marine  organisms  at 
concentrations  of  0.01-0.1  ppm,  lethal  toxicities  at  0.1-1.0  ppm  for  larval 
stages,  and  acutely  lethal  consequences  at  1-100  ppm  (Moore  and  Dwyer,  1974). 
Individual  hydrocarbons  vary  considerably  in  their  solubility  and  toxicity 
(Anderson  et  al . ,  1974).  Toxic  levels  of  crude  oils  range  from  4-100  ppm  for 
crude  oil  emulsions  and  from  several  hundred  micrograms  per  liter  (ppb)  to  the 
ppm  range  (Tatem  et  al . ,  1978)  for  the  water  soluble  fraction.  Although  the 
determination  of  sublethal  effects  and  toxicities  has  received  a  tremendous 
amount  of  attention  during  the  last  decade,  the  details  of  this  topic  are 
beyond  the  scope  of  this  work.  Toxicity  is  a  complex  function  of  the  develop- 
mental stage  of  an  organism  as  well  as  of  environmental  parameters  (e.g., 
temperature).  The  concentrations  of  individual  hydrocarbons  in  the  dissolved 
form  (0.01-3  ppb)  observed  in  this  study  appear  to  lie  below  the  toxic  range, 
even  in  the  acute  impact  zone.  However,  the  total  concentrations  of  water- 
borne  alkyl  benzenes  and  naphthalene  compounds  in  whole  water  fall  in  the  0.5- 
500  ppb  range,  and  concentrations  of  total  water-borne  oil  dispersions  lie  in 
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Table  8.  Observed  concentrations  of  hydrocarbons  compared  with  their  solubilities 


Compound 


Trimethyl  benzenes 


Tetramethyl  benzenes 


Naphthalene 


Methyl  naphthalene 


Dimethyl  naphthalene 


Phenanthrene 


Petroleum 


Approximate 

Solubility  in 

Seawater  at  25°C 

(mg/L) 

30-40 

10-20 

30 

25 

2 

1 


Observed  Concentration 

Range  within  20  km 
Distance  from  Blowout 

(W/L) 


.050  -  2.00 
0  -  0.60 

0  -  3.0 
0  -  0.4 

0.02  -  3.0 
0.06  -  0.8 

0.05  -15.0 
0.01  -  2.5 

0.04  -38.0 
0.01  -  2.6 

0.02  -  1.6 
0.01  -  0.4 

100-10,000 


W) 
D) 

W) 

D) 

W) 
D) 

W) 

D) 

W) 
D) 

W) 
D) 


D  =  dissolved  (filterable) 
W  =  whole  water 


332 


the  100-10,000  ppb  (0.1-10  ppm)  range;  both  fall  well  within  the  range  of 
observable  effects  on  marine  organisms. 

4.6  Lack  of  Significant  Microbial  Degradation 

A  significant  finding  of  this  study  was  the  lack  of  change  in  the  compo- 
sition of  surface  oil/mousse,  microlayer  oil,  and  subsurface  oil  attributable 
to  microbial  degradation.  Only  in  specialized  microenvironments  (i.e.,  within 
windrows  containing  plant  matter)  did  microorganisms  appear  to  degrade  oil 
particles,  probably  due  to  the  availability  of  nutrients  otherwise  in  very  low 
quantities  in  the  study  region.  The  low  level  of  nutrients  in  the  water 
column  (Berberian,  personal  communication)  apparently  accounted  for  the 
insignificance  of  microbial  degradation  as  a  major  weathering  factor  in  the 
water  column.  Degradation  of  oil  appears  to  proceed  in  the  sediments  (Boehm 
and  Fiest,  this  symposium),  but  at  a  slower  rate  than  observed  at  the  AMOCO 
CADIZ  spill  (Atlas  et  al.,  1980). 

4.7  Subsurface  Oil  Budget  in  Wellhead  Region 

Concentrations  of  petroleum  in  the  top  20  m  of  the  water  column  within 
~25  km  of  the  wellhead,  beneath  the  surface  oil  mass,  exceed  maximum  values 
observed  at  the  EKOFISK-BRAVO  (300  ug/L;  Grahl-Nielsen,  1978)  blowout,  and  the 
AMOCO  CADIZ  (350  ug/L,  Calder  et  al .  ,  1978)  and  ARGO  MERCHANT  (450  ppb;  Grose 
and  Mattson,  1977)  tanker  spills.  The  total  amount  of  IXTOC-I  petroleum 
hydrocarbons  estimated  to  be  in  the  top  20  m  of  water  within  25  km  of  the  well 
at  the  time  of  this  sampling  cruise  equals  20,000  gallons  =  70  x  10  grams,  or 
approximately  1%  of  that  observed  on  the  surface  as  mousse.  Therefore,  we 
hypothesize  that  for  this  type  of  blowout  one  can  assume  that  of  the  total 
volume  of  oil  discharged,  about  1%  of  the  high  molecular  weight  hydrocarbons 
spilled  will  be  present  in  the  water  column  for  considerable  distances  from 
the  wellhead.  Of  this  material,  about  90%  will  be  particulate  and  about  10% 
dissolved  and/or  colloidal  in  nature. 

5.  CONCLUSIONS 


The  results  of  this  study  indicate  that: 

(1)  large-  and  small-scale  heterogeneities  are  characteristic  of 
surface  mousse  and  subsurface  water  hydrocarbon  concentrations  and 
compositions  along  the  apparent  axis  of  movement  of  spilled  oil 
from  the  IXTOC-I  blowout; 

(2)  whole  water  samples  are  markedly  enriched  in  light  aromatics 
relative  to  other  aromatic  components  (phenanthrenes,  dibenzo- 
thiophones),  presumably  due  to  the  presence  of  considerable 
quantities  of  soluble  solubilized,  or  colloidal  material  in  the 
water  column; 
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(3)  particulate  hydrocarbons,  although  comprising  the  bulk  of  the 
total  hydrocarbon  mass  (  95%)  in  subsurface  oil,  account  for 
considerably  less  (80%)  of  the  light  aromatic,  the  rest  being  found 
in  the  sub-particulate  or  dissolved  phase; 

(4)  surface  mousse  and  subsurface  water  and  particulate  oil  exhibit 
separately  definable  but  interrelated  weathering  sequences  involving 
stepwise  changes  in  aromatic  and  saturate  compositions; 

(5)  approximately  1%  of  the  total  oil  spilled  will  be  present  in 
the  subsurface  (2-20  m)  zone  within  a  25  km  distance  from  the 
blowout  source; 

(6)  significant  vertical  quantitative  and  compositional  structure 
is  present  in  these  subsurface  plumes; 

(7)  subsurface  oil  plumes  may  be  transported  laterally  for  con- 
siderable distances,  becoming  less  concentrated  due  to  dilution  but 
relatively  richer  in  naphthalenes  and  other  low-boiling,  toxic 
aromatic  hydrocarbons  due  to  dissolution,  solubilization  or 
accommodation  of  particulate  oil  in  seawater; 

(8)  biodegradation  of  water-borne  petroleum  did  not  occur  to  any 
significant  extent;  thus  physical/chemical  weathering  dominates, 
evaporation  and  dissolution  occurring  within  50  km  of  the  wellhead, 
and  thereafter  photo-chemical  changes  presumably  playing  a  major 
relative  role  in  altering  the  oil's  composition; 

(9)  a  significant  quantity  of  oil  (perhaps  h  50%)  remains  offshore 
as  neutrally  buoyant  petroleum  residues  existing  at  the  sea  surface 
or  at  density  discontinuities  in  the  water  column  as  small 
particles,  according  to  our  hypothesis. 
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1.      INTRODUCTION 

The  weathering  of  petroleum  and  petroleum  products  in  the  marine  environ- 
ment has  been  intensively  investigated.  Some  of  the  recognized  processes  of 
weathering  are  evaporation,  dissolution,  emul sification,  microbial  degradation, 
uptake  and  discharge  by  marine  organisms,  and  chemical  and  photochemical  decom- 
position. The  first  apparent  compositional  changes  in  petroleum  on  sea  sur- 
faces are  due  to  evaporation  and  dissolution,  the  rates  of  which  are  dependent 
on  temperature,  wind  velocities,  and  the  chemical  composition  of  the  spilled 
oil.  With  time  after  a  spill,  the  other  weathering  processes  play  an  increas- 
ingly important  role  in  the  environmental   degradation  of  the  oil. 

Degradation  induced  by  sunlight  may  involve  various  interrelated  pro- 
cesses,  such  as: 


1.  Photooxidation   of  aliphatic   and  aromatic   compounds  by   oxygen   and   sunlight 
interaction. 

2.  Photodecomposition--a    process    of    fragmentation    of    organic    molecules    by 
light. 

3.  Polymerization—formation    of    long-chain,    high-molecular-weight,    hydrocar- 
bon-type materials  by  the  action  of  light. 

The  action  of  these  processes  on  petroleum  is  collectively  not  well  under- 
stood, although  it  is  apparent  that  they  are  interrelated.  Among  all  of  the 
different  photochemical  processes  studied,  only  photooxidation  has  received 
much  attention.  Preliminary  reports  concerning  the  chemical  changes  of  petro- 
leum during  the  weathering  process  began  to  appear  during  the  late  1960's. 
Armstrong  et  al .  (1966)  suggested  that  ultraviolet  radiation  was  responsible 
for  the  oxidation  of  organic  matter  at  the  surface  of  the  sea.  An  overall 
review  of  seawater  photochemistry  was  presented  by  Zafiriou  (1977).  Berridge 
et  al .  (1968)  speculated  that  the  oxidation  of  petroleum  would  lead  to  the 
formation  of  oxygenated  products  such  as  carboxylic  acids,  alcohols,  peroxides, 
sulfoxides,  and  related  molecular  species.  Using  infrared  techniques, 
Kawahara  (1969)  demonstrated  that  sunlight  indeed  had  a  chemical  effect  on 
petroleum. 

Definite  laboratory  evidence  of  the  photooxidation  of  petroleum  hydrocar- 
bons was  obtained  by  Freegrade  et  al .  (1971),  using  mercury  lamps  with  various 
selected  wavelengths  shorter  than  600  nm.  The  products,  determined  by  rela- 
tively non-SDecific  chemical  analytical  methods,  appeared  to  be  organic  acids 
and  esters.  Most  important,  however,  was  the  observation  that  the  destruction 
of  oil  slicks  was  related  to  quantum  efficiency  and  intensity  at  different 
wavelengths  (the  intensity  and  amount  of  light  absorbed). 

One  of  the  more  important  observations  necessary  for  the  understanding  of 
the  reaction  mechanism  of  photochemical  weathering  of  petroleum  was  made  by 
Pilpel  (1973).  They  reported  that  photosensitizers,  such  as  1-naphthol  and 
other  naphthalene  derivatives,  play  an  important  role  in  the  photodecomposition 
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of  oils  by  accelerating  the  process.  The  use  of  1-naphthol  as  a  Dhotosensiti- 
zer  during  the  photooxidation  of  n-alkanes  and  alkyl benzenes  floating  on  water 
generated  various  oxygenated  products,  such  as  alcohols,  peroxides,  and  hydro- 
peroxides. These  oxidative  reactions  may  lead  to  the  formation  of  oxygenated 
products  during  such  photochemical  reactions.  The  influence  of  photosensiti- 
zers  on  the  photooxidation  of  petroleum  also  indicates  that  the  reactions  may 
depend  on  the  formation  of  a  "reactive  oxygen"  (singlet  oxygen)  from  molecular 
oxygen.  Moreover,  these  investigations  established  the  fact  that  the  photooxi- 
dation of  oils  plays  an  important  role  in  the  formation  of  polymeric  products 
(tar)  and  that  the  high  viscosity  of  oil  restricts  the  diffusion  of  oxidation 
products  across  the  oil -water  interface. 

Burwood  and  Speers  (1974)  reported  that  light  and  atmospheric  oxygen  were 
clearly  required  for  the  formation  of  sulfoxides  and  phenols  from  crude  oils. 
They  proposed  the  formation  of  such  oxidized  products  by  a  photo-initiated 
radical  mechanism  involving  hydroperoxides.  Some  reactions  involving  second- 
order  kinetics  were  predicted  for  the  photochemical  weathering  of  oil  by 
Majewski  and  O'Brien   (1974). 

Studies  in  our  laboratory  (Patel  et  al . ,  1978)  have  verified  that  oxygen- 
ated products  can  be  generated  from  aromatic  molecules,  such  as  phenanthrene, 
under  simulated  environmental  conditions;  further,  these  reactions  require  the 
participation  of  singlet  oxygen.  The  mechanism  for  singlet  oxygen  formation  is 
shown  in  Table  1.  The  conversion  of  ground-state  oxygen  (^C^)  to  its  excited 
singlet  state  (S)  (^2)  may  be  achieved  by  a  process  known  as  sensitization, 
and  sensitizers  such  as  certain  porphyrins  and  polycyclic  aromatic  hydrocarbons 
(e.g.,  perylene)  are  particularly  useful.  While  two  sensitization  mechanisms 
have  been  suggested,  they  have  the  same  first  two  steps:  excitation  of  the 
sensitizer  (S)  to  its  singlet  state  (designated  S*)  by  absorption  of  a  photon 
of  light  (h,  usually  in  the  visible  region)  and  subseauent  intersystem  cross- 
ing to  the  triplet  state  of  the  sensitizer  (steps  a  and  b). 

The  next  step  (step  c)  involves  the  formation  of  excited  singlet  oxygen  by 
transfer  of  energy  from  the  excited  sensitizer  to  the  ground-state  triplet  oxy- 
gen. In  this  process  the  sensitizer  returns  to  the  ground  state  and  is  avail- 
able for  excitation  and  a  repeat  performance. 

Table  2  illustrates  the  photooxidation  products  that  our  laboratory  has 
recently  reported  for  phenanthrene.  As  can  be  seen,  there  is  a  wide  variety  of 
products,  including  9s10-epoxy-9,10-dihydrophenanthrene,  as  well  as  thirteen 
related  molecules.  It  is  interesting  to  note  that  the  9,10-epoxide  and  several 
others  are  primary  metabolites  of  phenanthrene.  Such  photodecomposition  path- 
ways may  serve  as  models  for  the  higher-molecular  polycyclic  aromatic  hydrocar- 
bons found  in  petroleum.  More  recently  we  reported  the  presence  of  a  series  of 
alkyl -substituted  dibenzothiophene-5-oxides  and  trace  levels  of  corresponding 
sulfone  in  mousse  samples  collected  along  the  coast  of  France  following  the 
AMOCO  CADIZ  oil  spill  (Overton,  1979).  Laboratory  experiments  (Patel  et  al . , 
1979)  carried  out  using  Arabian  medium  crude  oil  similar  to  the  AMOCO  CADIZ 
spilled  oil  indicated  that  the  formation  of  oxidized  dibenzothiophenes  could 
occur  under  simulated  environmental  conditions  through  a  photocatalyzed  pro- 
cess.    It  can  be  seen  from  the  few  examples  that  sunlight  does  not  necessarily 
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Table  1.  Mechanism  for  singlet  oxygen  formation. 

Mechanism  State 

STEP  (a)  Absorption  of  light       h  +  s  ----  XS* 

STEP  (b)  Intersystem  crossing  1S*---3S* 

STEP  (c)  Energy  transfer  from 

triplet  excited  ground    3S*  +  3q£  — 
state  (triplet)  oxyqen 

S*  +  102* 

(2   or  1  ) 


Table  2.  Photooxidation  products  from  phenanthrene 
after  9  hours  of  irridiation. 


NO. 

NAME  OF  PRODUCT 

FORMULA 

MOL.  WT. 

1 

Fluorene 

C13H10 

166 

2 

Fluorenone 

C13H8° 

180 

3 

Dibenz[b,d]oxepin 

C14H10° 

194 

4 
*5 

2 , 2 ' - di  f ormyl bi  phenyl 
2 ' -f ormyl bi  phenyl -2- 
carboxyl ic  acid 

C14H10°2 
C14H10°3 

210 
226 

7 

3,4-benzocoumarin 

C  H  0 

196 

*8 

diphenic  acid 

C13H8  O2 

242 

*g 

9-phenanthrol 

C14H1004 

194 

10 

9,10-phenanthrenequinone 

C14H1O0 

208 

*11 

diphenic  acid  anhydride 

C14H802 

224 

*These  compounds  were  observed  as  their  corresponding 
methylated  derivatives. 
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cause  the  degradation  of  petroleum  hydrocarbons  into  simpler  molecules;  on  the 
contrary,  it  initially  transforms  them  into  material  of  greater  complexity. 

Not  only  is  sunlight  important  as  a  mechanism  in  the  removal  of  soil  led 
petroleum  hydrocarbons  from  the  environment,  but  recent  evidence  shows  that  the 
resulting  products  have  biological  activity.  For  example,  toxic  effects  of 
Number  2  fuel  oil  on  various  marine  organisms  (e.g.,  grass  shrimp,  sheephead 
minnow,  channel  catfish,  and  blueqill)  were  found  to  increase  upon  exposure  to 
ultraviolet  (UV)  light  (Scheier  and  Gominqer,  1976).  The  phytotoxicity  of 
Kuwait  crude  oil  on  marine  plankton  communities  has  been  found  to  increase  fol- 
lowing illumination  (Larson  et  al . ,  1976).  Of  course,  whether  or  not  such 
processes  have  any  significant  impact  under  actual  spill  conditions  remains  to 
be  demonstrated. 

This  paper  describes  the  results  of  the  analysis  of  the  following  samples: 
products  from  the  simulated  laboratory  photooxidation  of  IXTOC  oil;  the  polar 
hydrocarbons  produced  in  the  microcosm  experiments  (Buckley  and  Pfaender,  this 
report);  and  the  polar  compounds  found  in  an  environmental  sample  collected  at 
PIX10.  The  data  presented  herein  represent  initial  interpretations  of 
extremely  complex  gas  chromatoaraphic  mass  spectrometric  information.  Much 
additional  work  and  further  laboratory  experimentation  will  be  needed  to  fully 
elucidate  the  complex  chemical  processes  that  degrade  petroleum  in  the  marine 
environment.  These  data  are  presented  as  a  portion  of  the  investigation  of  the 
IXTOC-I  oil  spill.  Their  significance  will  be  fully  understood  only  after  syn- 
thesis with  the  results  of  other  investigators  who  are  studying  this  incident, 
as  well  as  future  research. 

2.   EXPERIMENT 


In  order  to  investigate  the  effect  of  photooxidation  on  the  IXTOC-I  crude, 
several  environmental  simulation  experiments  were  performed.  These  experiments 
consisted  of  exposing  petroleum  samples  to  sunlight,  air,  and  synthetic  sea- 
water.  The  seawater  was  subsequently  examined  for  trace  photochemical  products 
using  gas  chromatography  /mass  spectrometry.  The  oil  used  in  the  experiments 
was  obtained  by  extracting  the  petroleum  from  oil /water  mixtures  collected  in 
the  immediate  vicinity  of  IXTOC-I  (station  PIX05).  Because  this  recovered  oil 
was  only  briefly  in  contact  with  the  environment,  it  was  considered  to  be  rep- 
resentative of  the  wellhead  oil  and  was  the  closest  to  an  actual  wellhead  sam- 
ple that  was  available.  Seawater  for  use  in  the  simulation  was  prepared  from  a 
commercially  available  mix  (Rila  Marine  Mix,  Rila  Products,  Teaneck,  N.J.)  and 
high-purity,  reagent-grade  water.  This  synthetic  seawater  was  free  of  contami- 
nation by  the  organic  comoounds  of  interest.  Many  uncertainties  that  could 
have  arisen  from  the  use  of  natural  seawater  were  thus  eliminated.  Reaction 
vessels  were  constructed  of  glass  crystallizing  dishes  150  mm  in  diameter  and 
75  mm  deep  (Pyrex  #3140)  covered  with  150  mm  x  150  mm  x  3.5  mm  fused  quartz 
glass  plates.  These  quartz  lids  are  transparent  in  the  actinic  blue  to  near-UV 
wavelengths  of  sunlight.  The  lids  were  held  approximately  5  mm  above  the  upper 
edge  of  each  dish  by  small  glass  spacers  to  allow  the  free  passage  of  air. 
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The  petroleum  samples  were  exposed  to  simulated  environmental  conditions 
in  the  following  manner.  Five  hundred  ml  of  synthetic  seawater  were  placed  in 
the  dish.  A  solution  of  one  gram  of  petroleum  in  100  ml  of  heptane  was  then 
added.  The  heptane  would  later  evaporate,  leaving  a  thin  film  of  petroleum 
evenly  dispersed  on  the  surface  of  the  synthetic  seawater.  The  dish  was  cov- 
ered with  the  quartz  lid.  A  control  dish  was  prepared  by  wrapping  an  identical 
dish  of  oil  on  seawater  with  aluminum  foil.  The  exposure  dish  and  its  compan- 
ion control  dish  were  then  carried  to  the  roof  of  the  laboratory  for  exposure 
to  sunlight  and  air.  While  on  the  roof  a  degree  of  temperature  control  was 
provided  by  placing  the  dishes  in  shallow  steel  trays  containing  water  to  a 
depth  of  three  cm.  Typically,  after  a  four-day  rooftop  exposure  to  direct  sun- 
light and  air  the  dishes  were  removed  and  their  contents  processed  for  analy- 
sis. 

The  analytical  schemes  used  to  process  these  samples,  shown  in  Figures  1, 

2,  and  3,  consisted  of  extraction,  fractionation  and  derivatization.  The  sam- 
ples were  first  separated  into  aqueous  and  oily  fractions  by  dissolving  any 
residual  petroleum  or  tarry  polymeric  material  floating  on  the  seawater  in 
approximately  50  ml  of  a  1:1  solution  of  toluene-dichloromethane,  and  then  sep- 
arating the  two  liquid  phases  in  a  separatory  funnel.  The  synthetic  seawater 
was  extracted  with  two  30-ml  portions  of  dichloromethane.  This  extract  con- 
tained neutral  organic  compounds  introduced  into  the  seawater  from  the  petro- 
leum. The  pH  of  the  seawater  was  lowered  to  3  by  the  addition  of  a  sufficient 
volume  of  one-molar  hydrochloric  acid  solution.  The  seawater  was  then 
extracted  with  two  more  30-ml  portions  of  dichloromethane.  This  extract  con- 
tained acidic  organic  compounds  (carboxylic  acids,  phenols,  etc.)  found  in  the. 
seawater.  The  pH  of  the  seawater  was  then  raised  to  11  by  the  addition  of  one- 
molar  sodium  hydroxide  solution.  The  seawater  was  finally  extracted  with  two 
30-ml  portions  of  dichloromethane.  This  final  extract  contained  any  basic 
organic  compounds  found  in  the  seawater.  Each  of  the  fractions  was  dried  with 
anhydrous  sodium  sulfate  and  concentrated  to  a  convenient  volume  in  a  rotary 
evaporator.  The  acidic  extract  was  derivatized  with  diazomethane  to  facilitate 
GC/MS  analysis  (Overton  et  al . ,  this  report).  Each  experiment  yielded  ten 
fractions  for  analysis:  the  "tar,"  acidic,  derivatized  acidic,  basic,  and  neu- 
tral fractions  from  each  pair  of  experimental  and  control  dishes. 

Extraction  and  analytical  schemes  applied  to  samples  collected  on  the 
cruises  and  from  the  microcosm  experiments  are  given  in  detail  by  Overton  et 
al.  (this  report). 

3.  RESULTS 

3.1  Simulated  Environmental  Photooxidation 

Photographs  of  the  experiment  are  shown  in  Figures  4,  5,  6,  and  7.  Fig- 
ures 4  and  5  show  the  exposed  IXTOC  oil  over  artificial  seawater  at  the  start 
of  the  experiment  and  after  one  day  of  exposure  to  bright  sunlight.  Figure  6 
compares  the  exposed  and  control  experiment  after  four  consecutive  days  of 
exposure.   Notice  that  the  control  shows  no  visual  evidence  of  change,  while 
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Figure  1. 


Diagram  of  the  extraction  scheme  used  for  analysis  of  samples 
from  the  simulated  laboratory  photooxidation  of  IXTOC-I  crude 
oil  . 
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Figure  2.  Schematic  diagram  of  the  analytical  procedures  used  to 
analyze  the  neutral  fraction  from  the  simulated  labor- 
atory photooxidation  of  IXTOC  crude  oil . 
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Figure  3.  Schematic  diagram  of  the  analytical  procedures  used 
to  analyze  the  neutral  fraction  from  the  simulated 
laboratory  photooxidation  of  IXTOC  crude  oil. 
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Figure  4. 


Photograph  of  the  simulated  environmental  photolysis  of 
IXTOC  oil  floating  on  artificial  seawater  before  being 
exposed  to  bright  sunlight. 


Figure  5.  Photograph  of  the  simulated  environmental  photolysis  of 
IXTOC  oil  floating  on  artificial  seawater  after  one  day 
of  exposure  to  bright  sunlight. 
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Figure  6.  Photograph  of  the  exposed  and  control  (dark)  simulated  environmental 
photolysis  of  IXTOC  oil  on  artificial  seawater  after  four  consecutive 
days  of  exposure  to  bright  sunlight. 


'  .if*'"' 


m 


Figure  7.   Photograph  of  the  crust  that  formed  from  IXTOC  oil  after  four  days  of 
exposure  to  bright  sunlight. 
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the  exposed  oil  has  been  completely  degraded  into  residual  tarry  material  and 
flakes.  Figure  7  is  a  closeup  photograph  of  the  light  brown  crust  that  formed 
after  exposure  to  bright  sunlight  for  four  days.  A  crust  similar  in  color  was 
reported  on  oil-and-water  emulsions  seen  floating  in  the  Gulf  of  Mexico. 

Figures  8,  9,  and  10  show  glass-capillary  gas  chromatographic  (GC^)  data 
for  the  HPLC-fractionated  neutral  extracts  (A)  of  the  control  and  exposed  IXTOC 
oil.  Figure  8  compares  the  HPLC  saturate  fractions  of  the  exposed  and  control 
neutral  extracts.  The  control  data  resemble  that  for  fresh  oil  and  contains 
normal  hydrocarbons  from  n-C-Q  to  J2-C30.  The  data  for  the  exposed  sample,  how- 
ever, contain  no  hydrocarFons  below  J2-C15.  The  distribution  of  saturated 
hydrocarbons  is  distinctly  different  from  that  which  would  be  expected  from 
evaporative  weathering.  Notable  is  the  absence  of  hydrocarbons  below  n-C]^  and 
the  relatively  large  quantity  of  ji-C^.  Figure  9  shows  chromatographic  data 
from  the  control  and  exposed  HPLC  aromatic  nonpolar  fractions.  The  control 
sample  contains  quantities  of  the  lower-molecular-weight  aromatic  compounds 
such  as  the  naphthalenes.  The  exposed  sample  did  not  contain  appreciable  quan- 
tities of  the  lower-molecular-weight  aromatics,  but  the  aklylated  phenanthrenes 
and  dibenzothiophenes  were  present  in  relatively  higher  concentrations.  The 
quantities  of  all  aromatic  hydrocarbons  were  much  lower  in  the  exposed  water 
column  sample  than  in  the  control  extract.  Figure  10  shows  chromatographic 
data  for  the  HPLC  polar  aromatic  fraction.  The  exposed  fraction  contains  sub- 
stantially more  compounds  than  the  control  fraction.  An  unresolved  mixture  was 
also  evident  in  the  exposed  fraction. 

Chromatographic  data  from  the  unfractionated  acid  extraction  of  both  the 
control  and  the  exposed  water  column  samples  are  given  in  Figure  11.  Qualita- 
tively, the  control  extract  appears  very  similar  to  the  neutral  extract;  how- 
ever, it  contains  substantially  smaller  quantities  of  hydrocarbons.  The 
exposed  extract  is  considerably  altered  when  compared  to  the  control.  The 
chromatographic  data  indicate  small  quantities  of  hydrocarbons  in  the  extract 
and  large  quantities  of  polar  compounds.  This  extract  was  methylated  with  the 
gas  phase  diazomethane  procedure  described  by  Overton  et  al .  (this  report). 
The  chromatographic  data  of  the  methylated,  exposed  extract  are  given  in  the 
bottom  chroma togram  in  Figure  11.  The  most  notable  change  in  the  chromatogra- 
phic data  between  the  methylated  and  unmethylated  extracts  is  in  the  sharp, 
more  symmetrical  peak  shapes  in  the  methylated  sample.  This  indicates  that 
polar  compounds  have  been  derivatized  to  substances  more  amenable  to  gas  chro- 
matographic analysis. 

The  methylated  acid  extract  was  analyzed  by  glass-capillary  gas  chromatog- 
raphy-mass  spectrometry  and  found  to  contain  numerous  oxygenated  hydrocarbons 
derived  from  the  IXTOC  oil.  Figure  12  shows  the  reconstructed  ion  chromatogram 
(RIC)  and  several  of  the  structured  oxidized  hydrocarbons  found  in  a  10-minute 
portion  (15  to  25  minutes)  of  the  glass-capillary  gas  chromatographic-mass 
spectrometric  (GC^MS)  run.  Most  notable  are  the  large  quantities  of  the 
ji-Cq,  ji-C-m  and  n-Cji  fatty  acid  methyl  esters  (FAME's).  Also  present  were  a 
number  of  branched  cnain  FAME's.  Since  singlet  oxygen  does  not  generally  oxi- 
dize saturated  hydrocarbons  directly,  other  mechanisms  must  be  used  to  explain 
the  presence  of  the  FAME's.  One  possible  explanation  involved  the  action  of 
oxidized  aromatic  intermediates,  such  as  hydroperoxides,  to  form  fatty  acids 
from  the  saturate  hydrocarbons.  Also,  ground-state  oxidation  could  form  these 
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Figure  8.  Glass  capillary  gas  chromatographic  data  of  the  HPLC  fraction  I 
(saturate)  of  the  neutral  extract  from  the  control  (no  sunlight) 
and  exposed  (sunlight)  simulated  laboratory  photolysis  experi- 
ment. 
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Figure  9.  Glass  capillary  gas  chromatographic  data  of  the  HPLC  polar  frac- 
tion 1  (aromatic)  of  the  neutral  extract  from  the  control  (no 
sunlight)  and  exposed  (sunlight)  simulated  laboratory  photolysis 
experiment. 
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Figure  10, 


Glass  capillary  gas  chromatographic  data  of  the  HPLC  polar  frac- 
tion 2  (polar  aromatic)  of  the  neutral  extract  from  the  control 
(no  sunlight)  and  exposed  (sunlight)  simulated  laboratory  photo- 
lysis experiment. 
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Figure  11. 


Glass  capillary  gas  chromatographic  data  from  the  acid  extract 
of  the  control  (top),  exposed  (middle)  and  methylated  exposed 
(bottom)  photooxidation  experiment. 
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Figure  12. 


Reconstructed  ion  chromatogram  of  a  10-minute  portion  (15  minutes 
to  25  minutes)  of  the  GCMS  analysis  of  the  methylated  acid  extract 
from  the  exposed  simulated  photooxidation  experiment.  The  identi- 
fications and  molecular  structures  of  certain  major  components  are 
indicated  on  the  figure. 
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compounds,  but  this  mechanism  does  not  seem  probable  since  virtually  no  fatty 
acids  were  found  in  the  control  sample.  Much  additional  work  must  be  done 
before  an  unequivocal  explanation  can  be  given  for  the  sources  of  these  sub- 
stances. 

Another  interesting  facet  of  the  fatty  acid  formation  is  the  absence  of 
larger-molecular-weight  fatty  acids.  Although  water  solubility  may  account  for 
the  absence  of  these  substances,  this  reason  is  not  entirely  suitable  for 
explaining  the  large  quantities  of  the  Cg,  C^q,  and  C^  fatty  acids  and  the  very 
small  quantities  of  the  C^  anc*  larger  fatty  acids. 

Other  oxidized  hydrocarbons  found  in  the  acidic  extract  were  derived  from 
oxidation  of  aromatic  precursor  molecules.  For  example,  the  (4  and  C2 
alkylated  naphthols  were  identified  in  the  extract.  Also  present  were  a  number 
of  substituted  benzoic  acids  as  well  as  substituted  naphthoic,  phenarithroic, 
benzothiophenoic,  and  dibenzothiophenoic  acids.  It  is  interesting  to  note  that 
while  alkyl  fluorenes  were  present  in  IXTOC  oil,  no  alkyl  fluorenic  acids  were 
found  in  water  column  samples.  Figure  13  shows  the  extracted  ion  current  pro- 
files (EICP)  for  the  parent  (186),  parent-31  (155),  and  parent-59  (127)  ions  in 
the  mass  spectra  of  napthoic  acid.  These  data  indicate  that  the  two  (4 
alkylated  naphthalene  components  in  the  IXTOC  oil  have  been  oxidized  on  the 
side  chai n. 

The  following  is  a  brief  summary  of  the  major  oxidized  hydrocarbons  found 
from  simulated  environmental  photolysis  experiments  using  IXTOC  crude  oil: 

normal  fatty  acids  (C7  to  C^) 

branched  fatty  acids  (Cg  to  C-^) 

alkyl  phenols 

alkyl  benzoic  acids  (C^  to  C^) 

alkyl  naphthols 

alkyl  naphthoic  acids 

alkyl  phenanthroic  acids 

phenanthrol 

alkyl  benzothiophenoic  acids 

alkyl  dibenzothiophenoic  acids 
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2.2  Microcosm  Experiments 

Results  from  our  chemical  analysis  of  samples  from  the  various  microcosm 
experiments  have  been  described  by  Overton  et  al .  (this  report).  This  previ- 
ous report  did  not  include  the  results  of  detailed  analysis  of  polar  oxidized 
products  of  microbial  origin.  Results  of  our  analysis  of  polar  oxidation  prod- 
ucts are  presented  herein.  Figure  14  shows  the  chromatographic  data  for  the 
methylated  whole-water  acid  extract  from  the  microcosm  experiment  utilizing 
fresh  wellhead  oil.  The  extract  was  analyzed  by  GC^MS  and  found  to  contain 
numerous  methyl  derivatives  of  oxygenated  hydrocarbons  in  addition  to  the  satu- 
rate and  aromatic  compounds  normally  found  in  petroleum  samples.  The  oxygen- 
ated hydrocarbons  included  the  following  classes  of  compounds: 

fatty  acids  (n^Cjg  predominating) 

alkyl  benzoic  acids  (C^  to  C5) 

alkyl  phenols 

phenyl  acetic  acid 

alkyl  methoxybenzoic  acids 

alkyl  benzene  diacids 

alkyl  naphthols 

alkyl  naphthoic  acids 

alkyl  phenanthroic  acids 

phenanthrol 

alkyl  benzothiophenoic  acids 

alkyl  dibenzothiophenoic  acids 

Qualitatively,  the  most  abundant  oxidized  hydrocarbons  were  the  fatty 
acids  and  alkyl  benzoic  acids.  Quantitatively,  the  single  most  abundant  oxi- 
dized hydrocarbon  was  a  substance  that  did  not  give  a  molecular  ion  on  GCMS 
analysis.  High-resolution  mass  spectral  analysis  indicated  that  the  base  peak 
in  its  spectrum  was  due  to  the  CgHy03+  ion,  and  this  is  strong  evidence  that 
the  substance  is  a  one-aromatic  ring  diacid.  The  extract  contained  many  other 
oxidized  compounds  that  are  as  yet  not  identified.  Mass  spectral  data  indicate 
that  these  substances  contain  oxygenated  functional  group,  but  their  identity 
is  not  readily  apparent.  No  fluorenoic  acids  were  identified  in  the  sample. 
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Figure  14. 


Extracted  ion  current  profiles  of  the  parent  (186),  parent-31  (155), 
and  parent-59  (127)  from  the  GC2MS  analysis  of  the  acid  extract  of  a 
whole  water  column  sample  from  the  microcosm  experiment,  utilizing 
fresh  wellhead  oil  after  seven  days  of  incubation.  Ions  186,  155, 
and  127  represent,  respectively,  the  molecular  weight  of  naphthanic 
acid,  loss  of  the  methyloxy  group  from  the  parent,  and  loss  of  the 
methyloxy  acidic  functional  group  from  the  parent. 
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2.3  Comparison  Between  Photochemical  and  Microbial  Oxidation  Products 

Microbial  and  photochemical  oxidations  should  produce  many  of  the  same 
classes  of  oxidized  organic  compounds.  Microbial  processes,  however,  are  more 
selective  and  should  favor  the  oxidation  of  specific  isomers.  Photooxidative 
processes  are  expected  to  exhibit  less  selectivity  in  their  oxidation  reaction. 
These  broad  generalizations  are  gross  oversimplifications  of  extremely  complex 
reaction  mechanisms  that  are  not  fully  understood  at  the  present  time.  There- 
fore, we  believe  it  to  be  useful  to  present  data  that  compare  the  alkyl  homolog 
distributions  of  major  oxidation  products  of  aromatic  hydrocarbons  from  IXTOC 
oil  produced  by  both  microbial  and  photochemical  processes. 

The  major  aromatic  oxidation  products  include  alkyl  benzoic,  naphthoic, 
and  phenanthroic  acids.  Figures  15  to  29  show  extracted  ion  current  profiles 
from  the  GC^MS  analysis  of  the  methylated  acid  extracts  of  a  day-7  microcosm 
experiment  and  the  simulated  laboratory  photooxidation  experiment.  The  ions 
plotted  in  the  extracted  ion  current  profiles  are  those  characteristic  of  the 
specific  homologs  being  studied.  Compounds  detected  in  the  mass  chromatograms 
have  been  identified  as  homologs  by  background  subtracted  mass  spectra. 

Figures  15  to  21  show  the  extracted  ion  current  profiles  for  benzoic  acid 
and  its  Ci,  C2,  C3,  C4,  C5,  and  Cg  homologs.  The  most  prominent  ion  in  the 
mass  spectra  of  these  compounds  appears  at  parent-31,  which  represents  facile 
loss  of  the  methoxy  group.  It  must  be  recognized  that  ions  chosen  for  display 
in  the  extracted  ion  current  profiles  are  not  characteristic  of  just  the  ben- 
zoic acids;  therefore,  both  background  subtracted  mass  spectra  and  retention 
times  were  used  to  identify  the  homolog  distributions  for  the  microcosm  and 
photochemical  experiments.  Figure  22  shows  the  relative  quantities  of  the 
homologs  of  benzoic  acids  in  the  microcosm  and  photochemical  experiments  and 
the  homolog  distribution  of  alkylated  benzenes  in  the  IXTOC  oil.  These  data 
were  quantified  from  extracted  ion  current  profiles  of  rapid-scanning  (one 
second  cycle  time)  GC^MS  data  and  must  be  considered  in  light  of  the  inherent 
inaccuracies  of  this  type  of  quantification.  The  data  in  Figures  15  to  22, 
however,  clearly  show  interesting  trends.  For  example,  the  homolog  distribu- 
tion for  the  C3  to  Cs  family  of  alkyl  benzoic  acids  generally  varies  sig- 
nificantly between  the  microcosm  and  photochemical  experiments,  while  the  homo- 
log  distribution  for  the  parent  C]_  and  C2  homologs  is  quite  similar.  The 
relative  quantities  of  the  alkyl  benzoic  acids  are  minimal  for  the  C4  homo- 
logs  but  relatively  more  abundant  for  lower  and  higher  homologs.  This  bimodal 
quantitative  distribution  is  not  evident  in  the  homolog  distribution  of  alkyl 
benzenes  in  the  parent  IXTOC  oil.  The  alkyl  benzoic  acids  may  not  all  be 
derived  from  the  same  family  of  precursor  compounds,  and  this  could  account  for 
the  abundant  distribution. 

Figures  23  to  25  show  the  extracted  ion  current  profiles  for  naphthoic 
acid  and  its  C\  and  C2  homologs  in  the  microcosm  and  photochemical  experi- 
ments. The  extracted  ion  plots  (186,  200,  214)  are  representative  of  the 
parent  ions  for  these  compounds.  In  all  cases,  the  homolog  distribution  is 
significantly  different  when  comparing  microbial  processes  and  photooxidations. 
Figure  26  shows  the  quantitative  distribution  for  the  alkyl  naphthoic  acid  from 
the  microcosm  and  photochemical  experiment  and  the  alkyl  naphthalenes  in  IXTOC 
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oil.  A  bimodal  homolog  distribution  is  observed  for  the  alkyl  naphthoic  acids 
but  not  for  the  alkyl  naphthalene  homologs. 

Figures  27  to  29  show  the  extracted  ion  current  profiles  for  phenanthroic 
acid  and  its  C^  and  C^  homologs.  The  C2  homologs  were  present  only  in  wery  low 
concentrations.  The  ions  used  are  characteristic  of  the  parent  ions  for  these 
compounds. 

It  is  important  to  recognize  that  standard  compounds  are  not  available  for 
most  of  these  alkyl  aromatic  acids,  and  their  mass  spectra  do  not  contain 
enough  structural  information  to  identify  specific  homologs.  These  data  are 
presented  to  illustrate  the  differences  between  microbial  and  photooxidation 
processes  when  using  identical  starting  oil.  Identification  of  specific  iso- 
mers must  await  further  research. 


2.4  Whole-Water-Column  Samples 

The  acid  extracts  of  whole-water-column  samples  were  analyzed  by  GC^MS 
techniques,  and  numerous  oxidized  hydrocarbons  were  identified.  In  general, 
the  major  oxidized  compounds  were  fatty  acids  and  esters  of  phthalic  acid. 
Several  whole-water  samples  appeared  to  contain  elevated  levels  of  these  sub- 
stances, along  with  other  oxidized  hydrocarbons.  For  example,  Figure  30  shows 
the  chromatographic  data  from  the  methylated  acidic  extract  of  a  whole-water 
sample  collected  at  PIX10.  The  sample  contained  elevated  levels  of  fatty  acids 
and  phthalates  when  compared  to  other  samples  collected  in  the  vicinity  of  the 
blowout.  It  contained  many  other  oxygenated  hydrocarbons  in  addition  to  many 
phthalate  esters  not  normally  found  in  Gulf  waters  (Giam,  1977).  Table  3  lists 
the  esters  of  phthalic  acid  found  in  the  sample.  Those  esters  commonly  found 
in  marine  and  other  samples  are  indicated  with  asterisks.  The  source  of  these 
numerous  phthalate  compounds  is  unknown,  although  they  appear  to  be  associated 
with  anthropogenic  activity.  The  use  of  dispersants  or  other  surfactants  near 
the  site  or  time  of  sampling  had  not  been  reported.  However,  a  petroleum-based 
Mexican  product,  Kay  Dispersant,  was  sprayed  from  a  boat  approximately  15  miles 
from  the  well  site  (G.  P.  Lindblom,  private  communication),  but  the  time  of 
application  has  not  yet  been  determined.  The  product  was  not  sprayed  during 
the  time  that  these  samples  were  obtained.  Phthalate  compounds  are  presumably 
useful  as  dispersants  and  may  have  originated  from  this  or  other  applications 
in  the  area  of  the  wellhead.  The  sample  contained  evidence  of  other  oxidized 
hydrocarbons,  but  because  of  the  presence  of  the  large  quantities  of  phthalate 
esters,  the  source  of  these  oxidized  aromatic  hydrocarbons  is  uncertain.  The 
sample  extract  also  contained  low-molecular-weight  fatty  acids  similar  to  those 
obtained  from  laboratory  photolysis  of  IXTOC  oil.  The  concentration  of  these 
fatty  acids  was  \/ery  low.  Thus  the  concentrations  of  other  oxidation  products 
are  expected  to  be  below  detection  limits,  using  the  quantity  of  sample  collec- 
ted in  the  field. 

After  preliminary  analysis  of  data  from  water  column  samples  and  the  pho- 
tooxidation experiments,  we  hypothesize  that  hydrocarbons  from  the  IXTOC  oil 
are  being  degraded  by  the  action  of  sunlight  at  the  water's  surface.  The 
hydrocarbons  may  be  oxidized  through  the  action  of  triplet  oxygen  or  by  some 
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Table  3.  Phthalate  esters  identified  in  PIX  10E104  (2  m). 


*Bismethyl  phthalate 

Bisethyl  phthalate 

Methyl pentyl  phthalate 

Ethyl  alkyl  phthalate 

Bi s (2 -methyl ) propyl  phthalate 
*Bisbutyl  phthalate 

Ethyl  benzyl  phthalate 

Methyl hexyl  phthalate 

Butyl octyl  phthalate 

Alkyl  benzyl  phthalate 
*Bis(2-ethyl hexyl)  phthalate 

Bisoctyl  phthalate 


*Phthalate  esters  observed  at  2  m  in  control  stations  and 
laboratory  experiments. 
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type  of  free  radical  reaction.  Oxidation  would  increase  the  polarity  of  the 
hydrocarbons  and  cause  them  to  become  more  water  soluble.  Because  of  their 
enhanced  water  solubility,  the  oxidized  products  become  diluted  in  the  water 
column  to  below  ordinarily  detectable  levels.  We  believe  that  the  20-liter 
water  samples  collected  at  most  stations  are  probably  marginal  with  respect  to 
sample  size  for  analysis  of  oxygenated  hydrocarbons.  A  combination  of  larger 
sample  sizes  and  more  efficient  extraction  techniques  should  be  applied  in 
future  research  efforts  to  find  photooxidized  products  of  petroleum  in  the 
marine  environment. 

3.  SUMMARY 


These  data,  as  stated  above,  have  yet  to  be  fully  interpreted,  and  addi- 
tional analyses  and  experiments  are  needed  to  obtain  a  reasonably  complete 
understanding  of  the  role  of  photochemical  and  microbial  reactions  in  weather- 
ing of  spilled  oil.  However,  the  data  and  initial  interpretations  present 
clear  evidence  for  the  formation  of  oxygenated  compounds  during  such  reactions. 
While  these  oxidations  were  suspected,  as  stated  in  the  Introduction,  analyti- 
cal chemistry  evidence  for  most  of  the  compounds  reported  here  was  limited  or 
nonexistent  before  our  investigations. 

The  similarity  of  classes  of  compounds  resulting  from  microbial  and  photo- 
chemical attack  on  mixtures  of  petroleum  compounds  is  an  important  finding. 
The  differences  in  the  relative  distributions  within  these  classes  of  compounds 
(i.e.,  the  benzoic  and  naphthoic  acids)  demonstrate  that  the  pathways  of  reac- 
tions leading  to  the  compounds  are  specific  for  particular  types  of  reactions. 

Clearly  the  biological  and  photochemical  processes  can  occur  simultane- 
ously during  and  after  oil  spills  in  the  field.  This  is  "a  priori"  a  compli- 
cated set  of  interweaving  reactions.  The  control  experiences  reported  here  and 
the  few  field  measurements  for  oxygenated  reaction  products  comprise  an  initial 
step  in  what  must  be  a  long  series  of  experiments  and  investigations.  These 
experiences  are  important  not  only  to  predictive  or  hindcast  modeling  of  the 
fate  of  petroleum  compounds,  but  also,  as  indicated  in  the  Introduction,  to 
understanding  short-term  and  long-term  effects  of  oil  on  marine  organisms  or 
ecosystems. 
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ABSTRACT 

The  preliminary  results  of  the  natural  weathering  of 
the  crude  oil  spilled  by  the  IXTOC-I  well  in  the  Campeche 
Bank  area  is  presented.  Glass  capillary  gas  chromatography 
analyses  were  done  on  the  saturated  and  aromatic  fractions 
of  the  original  crude  oil,  and  the  presence  of  certain 
compounds  were  confirmed  by  the  GC-MS  coupled  system. 

The  results  show  that  the  samples  collected  in  the 
vicinity  of  the  spill  have  95%  or  more  of  the  total 
hydrocarbons,  in  contrast  with  some  other  samples  that  lost 
up  to  60%  in  hydrocarbon  content  due  to  the  high  natural 
weathering  process. 
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1.   INTRODUCTION 


The  introduction  of  chemical  pollutants  to  the  marine  environment 
represents  a  serious  problem  for  mankind,  and  also  for  the  marine  ecosystem 
with  which  mankind  is  closely  related. 

In  recent  years  much  information  has  been  published  about  the  dispersion 
in  the  marine  environment  of  pollutants  such  as  heavy  metals,  pesticides,  and 
industrial  chemical  wastes  that  have  been  detected  in  zones  as  far  as  the 
Antarctic  (Goldberg,  1976).  In  the  present  day  the  introduction  of  fossil 
hydrocarbons  to  the  marine  environment  is  of  great  importance,  due  primarily 
to  the  recent  accidental  oil  spills. 

Mexico,  in  the  midst  of  its  increasing  industrialization  and  exploitation 
of  its  natural  and  mineral  resources,  could  not  avoid  an  accident  such  as  the 
spill  of  the  IXTOC-I  well  on  the  Campeche  Bank.  Since  then,  the  spill  has 
liberated  great  quantities  of  crude  oil  into  the  Gulf  of  Mexico. 

In  countries  located  in  the  temperate  and  cold  zones  where  the  great 
majority  of  oil  accidents  have  occurred,  much  scientific  literature  has  been 
published,  and  the  effects  (some  of  them  harmful)  of  the  fossil  hydrocarbons 
on  marine  organisms  have  been  analyzed  (Blumer  et  al.,  1970;  Blumer  and  Sass, 
1972;  Gordon  and  Prouse,  1973;  Jacobson  and  Boylan,  1973;  Parker  and  Menzel, 
1974;  Pulich  et  al.,  1974).  In  the  case  of  Mexico  the  results  cannot  be 
compared  easily  with  those  of  other  geographic  areas  since  this  was  the  first 
spill  in  a  tropical  zone  where  the  oceanographic  and  biological  conditions  are 
not  equivalent  to  those  in  other  latitudes. 

2.  MATERIALS  AND  METHODS 


The  samples  of  crude  oil  analyzed  were  collected  near  the  IXTOC-I  well 
and  at  different  distances  from  the  spill  during  an  oceanographic  cruise  con- 
ducted by  the  staff  of  the  Centro  de  Ciencias  del  Mar  y  Limnologia,  University 
of  Mexico,  July  20-24,  1979.  The  ship  used  was  the  ONJUKU,  belonging  to  the 
Departamento  de  Pesca  (Figure  1). 

After  collection,  the  samples  were  separated  and  purified  in  hydrocarbon 
fractions,  principally  the  saturated  and  aromatic  fractions,  using  a  chroma- 
tographic column  60  cm  long  by  3  cm  wide,  packed  with  silica  gel  (Woelm)  with 
grade  1  activity.  The  fractions  were  eluted  with  500  ml  of  hexane,  500  ml  of 
benzene,  and  500  ml  of  methane,  respectively.  After  the  elution  the  fractions 
were  dried  completely  to  obtain  the  dry  weight  of  each  of  them,  as  well  as  the 
percent  concentrations  of  crude  oil  in  the  original  samples. 

The  analysis  of  the  fractions  was  determined  by  gas  chromatography,  using 
a  Perkin-Elmer  Model  910  chromatograph.  It  was  equipped  with  an  ionization 
flame  detector  and  a  capillary  column  30  m  long  and  0.25  mm  internal  diameter 
which  was  siliconized  with  0V-101.  This  instrument  was  equipped  with  a  linear 
temperature  programmer  which  was  programmed  from  70°  to  255°C  with  an  increase 
of  3°C/minute. 
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Figure  1.      Sampling   sites  for  the  crude  oil    spilled   by  the 
IXTOC-I  well    in   the  Campeche  Bank  area. 
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A  Finnigal  GC-MS  Series  4000  (Incos  Data  System)  was  used  to  identify  the 
structure  of  the  isomeres  present  in  the  samples  and  to  confirm  the  presence 
of  some  polycyclic  aromatic  compounds.  The  temperature  was  programmed  from 
80°C  up  to  250°C  using  a  60  m  glass  capillary  column  WCOT  (SP  2100). 

3.  RESULTS  AND  DISCUSSION 

Table  1  gives  the  percent  composition  of  saturated  and  aromatic  hydro- 
carbons in  samples  of  different  "ages"  or  residence  time  in  the  Gulf  of 
Mexico,  from  those  collected  near  the  spill  to  those  collected  approximately 
seven  or  eight  weeks  after  their  arrival  on  the  north  coasts  of  Veracruz  and 
Tampico.  The  samples  collected  near  the  origin  of  the  spill  contain  approxi- 
matley  95%  of  the  total  hydrocarbons  (saturated  and  aromatic  fractions).  The 
percentage  decreases  as  the  distance  increases  from  the  origin  of  the  spill, 
losing  up  to  60%  or  more  of  the  total  hydrocarbons.  This  is  true  especially 
of  those  samples  that  have  remained  for  a  long  time  in  the  sea.  This  is 
important  from  an  ecological  point  of  view  since  the  weathering  or  natural 
degradation  that  acts  upon  the  spilled  crude  oil  in  the  Gulf  of  Mexico  is  high 
if  compared  with  the  spills  that  have  occurred  in  temperate  and  cold  zones. 
In  the  latter  zones,  weathering  is  low  and  so  the  hydrocarbons  remain  for 
years  in  these  latitudes  (Blumer  and  Sass,  1972;  Sanders  et  al.,  1972; 
Gundlach,  1977;  Keizler  et  al . ,  1978). 

Since  the  IXT0C-I  oil  spill  occurred  in  a  tropical  area  (Bank  of 
Campeche),  there  are  factors  that  produce  high  weathering  when  interacting, 
the  most  important  being 

(1)  Evaporation 

(2)  High  photochemical  oxidation 

(3)  Intense  solar  radiation 

(4)  High  temperatures 

(5)  Great  metabolic  activity  of  marine  organisms 

The  above  observations  agree  with  those  of  Blumer  et  al.  (1973)  and  Butler 
(1975)  and  seem  to  be  confirmed  by  the  analysis  of  the  crude  oil  chromatograms 
of  the  nearly  original  fractions  (40  hours  after  the  spill)  and  those  that 
arrived  on  the  Tampico  coasts  after  eight  weeks. 

Figure  2  shows  the  saturated  fraction  chromatogram  containing  the  normal 
paraffins,  from  those  with  a  low  molecular  weight  such  as  the  n-undecane 
(C-q)>  to  n-pentatriacontane  (Coc ) ,  the  highest  peak  being  n-tridecane  (C13). 
The  isoprenoids  pristane  and  phytane  are  also  present.  The  pristane/phytane 
ratio  was  1.2  and  the  0EP  value  (odd-even  predominance)  was  1.0,  which  agrees 
with  previously  reported  values  for  the  crude  oils  that  have  not  had  a 
remarkable  weathering  (Seal an  and  Smith,  1970). 

After  seven  weeks  we  observe  in  the  saturated  fraction  the  almost  total 
loss  of  the  normal  paraffins  with  carbon  chains  C11  to  Cic  (only  those  with 
^16  to  ^31  carbons)  remaining  in  the  collected  tars  (Figure  2B).  This  loss 
coincides  with  the  results  obtained  by  Macko  et  al.,  (1980),  following  the 
behavior  of  a  spill  that  occurred  along  the  Texan  coast.  After  fifteen  weeks, 
the  saturated  fraction  degraded  up  to  90%  of  its  original  components. 
Paraffins  with  high  molecular  weights,  C25  to  032*  remained. 
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Table  1.  Hydrocarbon  Percent  Composition  of  the  Various  Crude  Oil  Samples 
from  the  IXTOC-I  Spill. 


Sample 

No. 

%   Saturates 

%  Aromatics 

%   Total 
Hydrocarbons 

Age 

1 

45 

52 

97 

40  hours 

2 

52 

34 

88 

1  week 

3 

41 

35 

76 

1-1/2  weeks 

4 

30 

46 

76 

2  weeks 

5 

19 

15 

34 

6  weeks 

6 

15 

13 

28 

7  weeks 

7 

11 

13 

24 

8  weeks 
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Figure  2.  Gas  chromatograms  of  the  saturate  fraction  of  a  mousse 
sample  collected  40  hours  after  the  IXTOC-I  blowout  (A) 
and   in  Tampico  Beach  after  seven  weeks    (B). 
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The  aromatic  fraction  (Figure  3)  is  composed  of  aromatic  hydrocarbons 
such  as  benzene,  naphthalenes,  phenantrenes,  and  their  methyl-substituted 
homologs.  Biphenyl  groups,  fluorene  and  dibenzothiophenes  are  also  present. 
Besides  these  compounds  a  complex  mixture  of  unresolved  and  unidentified  (UCM) 
small  peaks  are  observed. 

With  regard  to  the  aromatic  fraction  which  represents  the  greatest 
ecological  importance  due  to  its  high  toxicity,  it  is  observed  in  the  chroma- 
tograms  (Figure  3b)  that  after  seven  weeks  the  light  aromatic  compounds  have 
been  almost  totally  lost.  The  compounds  are  primarily  those  belonging  to  the 
group  of  naphthalenes,  that  due  to  their  solubility,  are  highly  toxic  for  the 
marine  organisms,  especially  for  the  planktonic  and  benthic  species  (Vernberg 
and  Vernberg,  1974;  Lockwood,  1976). 

Therefore,  the  aromatic  fraction  shows  an  evolutionary  pattern  different 
from  that  of  the  saturated  fraction  since  there  is  a  very  rapid  loss  of 
benzenes  and  naphthalenes  primarily.  Nevertheless,  the  most  substituted 
compounds  (Co-naphthalenes  and  C3~phenanthrenes)  remain  in  the  analyzed 
samples  for  longer  periods  of  time  than  their  original  compounds  or  their 
analogous  less  substituted  compounds;  moreover,  there  is  a  remarkable  increase 
in  the  mixture  of  unresolved  peaks  (UCM).  The  degrading  patterns  of  both 
fractions  (aromatic  and  saturated)  are  similar  to  those  previously  reported  by 
other  authors  (Mayo  et  al.,  1978;  Teal  et  al.,  1978),  but  in  the  samples 
from  the  IXTOC-I  well  the  loss  of  the  different  compounds  seems  to  be  much 
more  rapid. 

Gibson  (1977)  suggests  that  the  decrease  in  the  aromatic  compounds  is  the 
result  of  a  combination  of  factors,  such  as  dissolution,  diffusion,  evapo- 
ration, absorption  on  sediments,  and  attack  by  microorganisms.  Other 
important  factors  that  are  apparent  in  tropical  seas  are  photooxidation  and 
transport  due  to  water  and  wind  currents. 

Figures  4  ans  5  show  the  chromatograms  of  the  aromatic  fractions, 
obtained  in  the  GC-MS  coupled  system  (Finigan  4000  Incos  Data  System),  cor- 
responding to  the  samples  with  less  residence  time  (40  hours)  in  the  ocean 
(Figures  4a  and  5a),  compared  with  those  that  already  present  a  certain  degree 
of  weathering  (four  weeks;  Figure  4b),  and  those  collected  in  the  northern 
part  of  Veracruz  with  approximately  ten  weeks  of  residence  time  (Figure  5b). 
A  high  content  of  aromatic  compounds  is  characteristic  in  the  samples,  mainly 
benzene-substituted  compounds  (methyl-,  dimethyl-,  and  trimethyl- 
naphthalenes),  phenantrenes,  anthracenes,  thiophenes,  dibenzothiophenes,  and 
its  methyl-substituted  homologous  (methyl-,  dimethyl-,  and  trimethyl- 
dibenzothiophenes). 

It  is  remarkable  that,  after  four  weeks,  and  even  eleven  weeks,  of 
weathering  of  the  samples,  a  high  proportion  of  these  compounds  is  lost; 
however,  they  remain  in  low  concentrations  in  the  samples  due  to  their  high 
chemical  stability  as  detected  in  the  chromatograms  through  the  GC/MS  coupled 
system.  The  peaks  for  naphthalene  (M/E  =  128),  methylnaphthalene  (M/E  =  142), 
dimethylnaphthalene  (M/E  =  156),  and  trimethylnaphthalene  (M/E  =  170)  are 
shown  in  Figure  6.  Figure  7  shows  the  peaks  corresponding  to  phenantrene  (M/E 
=  178),  dibenzothiophene  (M/E  =  184),  methyl phenantrene  (M/E  =  192),  methyldi- 
benzothiophene  (M/E  =  198),  dimethylphenantrene  (M/E  =  206),  dimethyldibenzo- 
thiophene  (M/E  =  212),  trimethylphenantrene  (M/E  =  220),  and  trimethyldibenzo- 
thiophene  (M/E  =  226).   Figures  8  and  9  represent  the  mass  spectra  for 
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Figure  3.  Gas  chromatograms  of  the  aromatic  fraction  of  a  mousse  sample 
collected  40  hours  after  the  IXTOC-I  blowout  (A)  and  in  Tampico 
Beach  after  seven  weeks  (B). 

1  =  naphthalene;  2  =  methyl  naphthalenes;  3  =  dimethyl  naphtha- 
lenes; 4  =  trimethyl naphthalenes;  5  =  dibenzothiophene;  6  = 
phenantrene;  7  =  methylphenatrenes,  methyldibenzothiophenes; 
8  =  dimethylphenantrenes,  dimethyl dibenzothiophenes. 


395 


Figure  4. 

GC/MS  chromatogram  of  the  aromatic  fraction  corresponding 
to  samples  with  40  hours  (A)  and  four  weeks  (B)  of 
residence  time  in  the  Gulf  of  Mexico  waters. 

1  =  naphthalene;  2  =  methyl  naphthalene;  3  =  dimethyl- 
naphthalenes;  4  =  trimethylnaphthlenes;  5  =  dibenzothio- 
phene;  6  =  phenantrene;  7  =  methylphenantrenes ,  methyldi- 
benzothiophenes;  8  =  dimethyl phenantrenes,  dimethyldi- 
benzothiophenes;  9  =  dimethyl benzothiophenes;  10  =  di- 
methyl phenantrenes;  11  =  trimethylbenzothiophenes;  12  = 
tri methyl phenantrenes. 
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Figure  5. 

Chromatogram  of  the  aromatic  fractions  corresponding  to 
samples  with  40  hours  (A)  and  ten  weeks  (B)  of  residence 
time  in  the  Gulf  of  Mexico  waters. 

1  =  naphthalene;  2  =  methyl  naphthalene;  3  =  dimethyl - 
naphthalenes;  4  =  trimethyl naphthalenes;  5  =  dibenzo- 
thiophene;  6  =  phenantrene;  7  =  methyl phenantrenes, 
methyldibenzothiophenes;  8  =  dimethylphenantrenes,  di- 
methyldibenzothiophenes;  9  =  dimethylbenzothiophenes ; 
10  =  dimethylphenantrenes;  11  =  trimethylbenzothiophenes ; 
12  =  trjmethylphenantrenes. 
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naphthalene,  phenantrene,  and  dibenzothiophene,  respectively,  from  the  sample 
with  longer  residence  time.  In  spite  of  natural  weathering  acting  upon  this 
sample,  the  compounds  previously  mentioned  remained  unaltered  during  consi- 
derable periods  of  time  (Macko  et  al.,  1980). 

Stable  Isotope  Ratio: 

In  regard  to  the  values  of  the  carbon  isotopic  ratio  in  the  samples  of 
spilled  oil  analyzed,  we  observe  a  rate  of  values  from  sC13  =  -27.1  /oo  to 
-27.5  °/oo,  the  average  being  6C13  =  -27.3  °/oo.  Measurements  also  were  done 
in  the  saturated  and  aromatic  fractions  from  the  original  crude  oil.  Corre- 
sponding average  values  of  5C13  =  -27.7  °/oo  for  the  saturated  compounds  (n- 
paraffins)  and  of  5C13  =  -27.1  °/oo  for  the  aromatic  compounds  (Table  2). 

All  the  values  mentioned  are  in  accordance  with  the  values  obtained  by 
Calder  and  Parker  (1968)  for  crude  oils  and  gases  such  as  butane,  propane  and 
ethane  (6C13  =  -25  °/oo  to  -32  °/oo),  and  with  the  reported  values  by  the  same 
authors  for  the  products  derived  from  the  petrochemical  industry  (6C13  =  -27.3 
°/oo  to  -30.7  °/oo).  The  high  natural  weathering  shown  by  the  crude  oil  from 
the  IXTOC-I  well  is  relevant  from  the  point  of  view  of  the  hydrocarbon  geo- 
chemistry, because  its  carbon  isotope  ratio  was  almost  unaltered  and  its 
behavior  was  similar  to  that  of  the  crude  oil  spilled  along  the  Texas  coasts 
(Macko  et  al.,  1980).  In  that  case,  after  two  years  of  natural  weathering 
the  variation  from  the  original  crude  oil  was  only  0.08  °/oo. 
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Table  2.  6C13  Values  for  Representative  Samples  of  Fresh  and  Weathered  IXTOC-I  Oil 


Sample  No. 

Whole  Oil 

Saturates 

Aromatics 

NSO* 

1 

-27.3 

-27.8 

-27.0 

-26.8 

2 

-27.5 

-27.6 

-27.0 

-26.8 

3 

-27.3 

-27.6 

-27.1 

-27.1 

4 

-27.1 

-27.7 

-27.0 

-27.1 

5 

-27.4 

-27.6 

-26.9 

-26.8 

6 

-27.2 

-27.5 

-26.9 

-26.7 

7 

-27.0 

-27.4 

-26.8 

-26.4 

6C13  =  values  reported  relative  to  the  PDB  standard 

*NS0  =  Compounds  eluted  from  silica  gel  with  methanol  often  containing 
nitrogen  sulfur,  or  oxygen. 
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1.  INTRODUCTION 

Microorganisms  play  a  major  role  in  the  removal  of  hydrocarbon  pollutants 
from  marine  ecosystems.  Important  factors  that  influence  the  rates  of 
biodegradation  include:  the  qualitative  and  quantitative  composition  of  the 
microbial  community;  the  chemical  composition  of  the  oil;  the  physical  state 
of  the  oil;  temperature;  oxygen  concentrations;  and  nutrient  concentrations, 
especially  nitrogen  and  phosphorus.  For  a  general  review  of  the  interactions 
of  microorganisms  and  petroleum  hydrocarabons,  see  Bartha  and  Atlas  (1977)  or 
Colwell  and  Walker  (1977).  The  present  report  deals  specifically  with  a  case 
study  aimed  at  examining  the  role  of  microorganisms  in  the  degradation  of 
hydrocarbons  in  "mousse,"  i.e.,  the  stable  oil-water  emulsion  formed  from  the 
IXTOC-I  well  blowout  in  the  Bay  of  Campeche,  Gulf  of  Mexico. 

2.  MATERIALS  AND  METHODS 

2.1  Sample  Collection 

Surface  water  samples  (top  1  m)  were  collected  during  the  period 
September  14-23,  1979,  at  13  sites  shown  in  Figure  1.  Samples  were  collected 
with  either  a  Niskin  butterfly  sterile  water  collector  (General  Oceanics, 
Miami,  Florida)  or  a  clean  bucket  in  areas  of  heavy  oil  accumulation.  Samples 
were  visually  examined  and  the  presence  of  oil  or  mousse  was  recorded. 

2.2  Enumeration  of  Microbial  Populations 

Total  numbers  of  microorganisms  per  ml  of  surface  water  were  determined 
by  direct  count  procedures  (Daley  and  Hobbie,  1975).  Portions  of  collected 
water  samples  were  preserved  with  formalin,  1:1.  Microorganisms  in  the 
preserved  samples  were  collected  on  a  0.2  ym  pore  size  Nuclepore  filter  that 
had  been  stained  with  irgalan  black.  The  microorganisms  were  stained  with 
acridine  orange  and  viewed  using  an  Olympus  epif luorescence  microscope.  Cells 
stained  orange  or  green  were  counted  in  20  randomly  selected  fields  and  the 
mean  concentration  was  determined. 

Hydrocarbon-utilizing  microorganisms  were  enumerated  using  a  three-tube 
Most  Probable  Number  (MPN)  procedure  (Atlas,  1979).  Serial  dilutions  of  water 
samples,  prepared  using  Rila  marine  salts  solutions,  were  inoculated  into 
sealed  serum  vials  containing  10  ml  of  Bushnell  Haas  broth  (Difco)  and  20  yl 
of  South  Louisiana  crude  oil  spiked  with  lkC  hexadecane  (sp.  act.  10  yCi/ml 
oil).  After  14  days  of  incubation  at  25°C,  the  ^COo  (if  any)  in  the  head 
space  was  collected  by  flushing  and  trapping  in  oxifluor  CO^  (New  England 
Nuclear)  and  quantitated  by  liquid  scintillation  counting.  "Vials  showing 
14C0p  production  (counts  significantly  above  background)  were  scored  as 
positive  and  the  Most  Probable  Number  of  hydrocarbon  utilizers  per  gram  dry 
weight  were  calculated  from  standard  MPN  tables. 

2.3  Hydrocarbon  Biodegradation  Potentials 

Five-ml  portions  of  water  samples  were  placed  into  serum  vials  containing 
20  yl  filter  sterilized  South  Louisiana  crude  oil  spiked  with  lltC  hexadecane, 
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Figure  1.  Chart  showing  sampling  sites 
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Table  1.  Enumerations  of  microbial  populations. 


Site 


Direct  Count 
x  105  ml-1 

MPN-Hydrocarbon 
ml"1 

1.5 

0.3 

3.4 

0.3 

4.5 

24.0 

1.8 

4.0 

2.8 

4.0 

2.3 

9.0 

7.0 

2400.0 

2.2 

2400.0 

2.5 

4.0 

1.7 

24.0 

3.6 

1.0 

6.2 

12000.0 

4.2 

46.0 

2.0 

1.0 

1.1 

2400.0 

PI 

P2 

P3*** 
P5* 
P7 

P8 

P8*** 
pg*** 

Pll 
P13*** 

P14 
P14*** 

P15** 
P16 


*0il,  but  no  mousse,  present  in  sample 
**Mousse-tar  particles  in  sample 


***Heavy  mousse-water  mixture 
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lkC  pristane,  lkC  9-methyl anthracene,  or  lltC  benzanthracene  (all  specific 
activity  -  10  uCi/ml  oil).  The  samples  were  incubated  at  25°C.  At  2,  10,  and 
30  days,  further  degradation  was  stopped  by  addition  of  KOH.  All  sample- 
substrate-time  combinations  were  run  in  triplicate.  The  11+C0p  produced  from 
mineralization  of  the  radio-labelled  hydrocarbon  was  determined  by  acidifying 
the  solution,  flushing  the  headspace,  trapping  the  ^(^  in  10  ml  COp 
oxifluor,  and  quantitating  by  liquid  scintillation  counting.  Filter- 
sterilized  controls  were  treated  in  a  similar  manner.  The  percent 
mineralization  was  calculated  as  lltC02  produced  (above  sterile  control) 
divided  by  ll*C  hydrocarbon  added. 

The  above  procedures  measure  the  potential  for  complete  microbial 
degradation  of  oil  in  a  slick  under  natural  conditions.  Any  partial  or  co- 
metabolic  degradation  would  be  detected  by  these  procedures,  as  would  any 
nutrient  limitation.  The  influence  of  the  physical  state  of  the  oil,  such  as 
within  "mousse,"  will  not  be  determined  in  these  tests. 

In  a  separate  series  of  tests,  five-ml  portions  of  water  samples  were 
supplemented  with  NH4NO3  (final  concentration  1  mM)  and  KH^PO^  (final 
concentration  1  mM)  to  remove  nutrient  limitations.  These  supplemented 
samples  were  added  to  serum  vials  containing  20  ul  of  South  Louisiana  crude 
oil  spiked  with  11+C  hexadecane  (specific  activity  10  uCi/ml  oil).  After  ten 
days  of  incubation,  further  degradation  was  stopped  and  the  amount  of  lltC02 
produced  (11+C  hexadecane  mineralized)  was  determined  as  described  above. 
Ratios  of  amounts  of  hydrocarbon  mineralized  with  nutrient  supplementation  to 
amounts  mineralized  under  natural  conditions  were  calculated. 

2.4  Oil  -  Mousse  -  Biodegradation  -  Mineralization 

Mousse  samples  were  collected  at  stations  P5,  P8,  P14,  and  P17.  Samples 
were  weighed  and  "replicate"  5-g  portions  placed  into  250  ml  flasks,  each 
containing  75  ml  of  water  collected  at  the  same  site.  Twenty-eight  replicate 
flasks  were  established  for  each  station.  Four  of  the  flasks  from  each 
station  were  fitted  with  sidearms  and  used  to  measure  C0o  production.  Half  of 
the  flasks  were  treated  with  concentrated  KOH  to  act  as  sterile  controls.  All 
flasks  were  incubated  at  25°C  on  a  rotary  shaker  at  50  rpm.  C0o  production 
was  measured  cumulatively  by  placing  KOH  in  the  sidearm  flasks  to  trap  C0o. 
Periodically  the  KOH  traps  were  recovered,  BaCl^  was  added  to  precipitate 
BaCOo,  and  the  amount  of  CO2  trapped  was  determined  by  titrating  with  0.1  N 
HC1  to  a  point  of  neutrality.  Fresh  KOH  was  added  to  the  sidearms  and  the 
flasks  were  further  incubated  up  to  six  months.  During  this  time  the  mousse 
retained  its  physical  integrity  at  least  by  visual  observation. 

After  2,  10,  20,  40,  90,  and  180  days  of  incubation,  oil  was  recovered 
from  two  active  and  two  control  flasks  from  each  station.  Extraction  was  with 
two  sequential  portions  of  methylene  chloride.  The  basic  analytical  procedure 
described  by  Brown  et  al . (1979)  was  used.  The  extracts  were  transferred  to 
pentane  solvent  by  distillation  at  44°C  under  a  vigreaux  reflux  column.  The 
volume  was  adjusted  to  5  ml  by  evaporation  under  nitrogen.  The  extracts  were 
subjected  to  column  chromatography  to  split  the  extracts  into  aliphatic  (f^) 
and  aromatic  ^)  fractions.  Columns  were  prepared  by  suspending  silica  gel 
100  (E.  M.  Reagents,  Darmstadt,  W.  Germany)  in  CH2C1 2  and  transferring  the 
suspension  into  24-ml  burets  with  teflon  stopcocks  to  attain  a  15-ml  silica 
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gel  bed.  The  CH2CI 2  was  washed  from  the  columns  with  three  volumes  pentane. 
2.5-ml  portions  of  the  extracts  in  pentane  were  applied  to  the  columns, 
drained  into  the  column  bed,  and  allowed  to  stand  three  to  five  minutes.  The 
aliphatic  fraction  (f^)  was  eluted  from  the  column  with  25  ml  pentane.  After 
25  ml  pentane  had  been  added  to  the  column,  5  ml  of  20%  (v/v)  CH2C12  in 
pentane  was  added  and  allowed  to  drain  into  the  column  bed.  Fraction  f^  was 
30  ml.  The  aromatic  fraction  (f2)  was  eluted  from  the  column  with  45  ml  of 
40%  (v/v)  CH2C12  in  pentane. 

The  fractions  of  each  extract  were  then  concentrated  to  about  5  ml  at 
35°C  and  transferred  quantitatively  to  clean  glass  vials.  Fractions  fj  and  fo 
were  prepared  for  analysis  by  gas  chromatography  or  gas  chromatography-mass 
spectrometry.  An  internal  standard,  hexamethyl  benzene  (Aldrich  Chem.  Co., 
Milwaukee,  Wisconsin),  was  added  to  each  sample.  In  fraction  f^,  hexamethyl 
benzene  (HMB)  was  present  at  12.6  ng/yl ;  in  fraction  f2,  HMB  was  present  at 
25.2  ng/yl. 

Fraction  fj  was  analyzed  by  GC  on  a  Hewlett-Packard  5840  reporting  GC 
with  FID  detector.  The  column  was  a  30-m,  SE54  grade  AA  glass  capillary 
(Supelco,  Bellefonte,  PA).  Conditions  for  chromatography  were  injector, 
240bC;  oven  70°C  for  two  minutes  to  270°C  at  4°C/min.  and  hold  for  28  minutes; 
FID,  300°C;  and  carrier,  He  at  25  cm/sec.  A  valley-valley  integration 
function  was  used  for  quantitative  data  acquisition.  Response  factors  were 
calculated  using  n-alkanes  ( ^10~t-'28^ '  Pristane,  and  phytane  standards. 

Fraction  f2  was  analyzed  with  a  Hewlett-Packard  5992A  GC-MS.  Conditions 
for  chromatography  were  injector,  240°C;  oven  70°C  for  two  minutes  to  270°C  at 
4°C/min.  and  hold  for  18  minutes.  Data  was  acquired  using  a  selected  ion 
monitor  program.  Thirteen  ions  were  selected  for  representative  aromatic 
compounds.  The  ions  monitored  were  128,  142,  147,  156,  170,  178,  184,  192, 
198,  206,  212,  220,  and  226.  The  representative  compounds  were  naphthalene, 
methyl  naphthalene,  HMB  as  an  internal  standard,  dimethyl  naphthalene, 
trimethyl  naphthalene,  phenanthrene,  dibenzothiophene,  methyl  phenanthrene, 
methyl  dibenzothiophene,  dimethyl  phenanthrene,  dimethyl  dibenzothiophene, 
trimethyl  phenanthrene,  and  trimethyl  dibenzothiophene,  respectively.  The 
dwell  time  per  ion  was  10  m/sec.  Instrument  response  factors  were  calculated 
by  injecting  known  quantities  of  unsubstituted  and  C^  and  C2  substituted 
authentic  compounds  and  determining  the  integrated  response  for  each 
compound.  These  values  were  used  to  extrapolate  for  quantitation  of  isomers 
and  C3  substituted  compounds. 

3.  RESULTS 


3.1  Enumerations 

The  results  of  enumerations  of  microbial  populations  are  shown  in  Table 
1.  There  was  no  significant  difference  in  total  microbial  biomass  (direct 
count)  between  samples  with  visible  oil  and  those  from  control  sites.  The 
highest  direct  counts  did  occur  at  sites  P8  and  P14,  where  mousse  was  present; 
direct  counts  at  these  sites  were  two  to  four  times  those  at  controls  sites  PI 
and  P2.  In  other  cases,  however,  direct  counts  at  sites  with  mousse  (e.g., 
P9,  P13,  and  P17)  were  not  higher  than  at  the  control  sites. 
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In  contrast  to  the  total  microbial  biomass  there  was  a  significant 
positive  correlation  between  numbers  of  hydrocarbon-utilizing  microorganisms 
(MPN  -  Hydrocarbon)  and  the  visible  presence  of  mousse  in  the  sample.  At 
control  sites  PI  and  P2,  concentrations  of  hydrocarbon  utililzers  in  the 
surface  waters  were  less  than  1  per  ml.  The  sample  with  oil  and  no  mousse 
collected  at  site  P5  had  a  concentration  of  four  hydrocarbon  utilizers  per  ml, 
which  was  an  order  of  magnitude  above  the  eastern  control  sites  but  was  not 
significantly  different  from  other  sites  in  the  vicinity  of  the  wellhead. 
Samples  with  visible  mousse  had  significantly  elevated  counts  of  hydrocarbon 
utilizers.  In  samples  with  mousse-tar  particles,  counts  of  hydrocarbon 
utilizers  were  10  -10  /ml.  In  samples  with  heavy  mousse  accumulations,  counts 
of  hydrocarbon  utilizers  were  10  -10  ml.  The  highest  concentration  of 
hydrocarbon  utilizers  occurred  in  a  sample  collected  at  site  P14.  High 
concentrations  of  hydrocarbon  utilizers  also  were  found  at  sites  P8,  P9,  and 
Pll.  There  appeared  to  be  a  relatively  tight  association  between  elevated 
numbers  of  hydrocarbon  utilizers  and  water  in  direct  contact  with  mousse.  At 
sites  P8  and  P14,  surface  water  samples  were  collected  with  and  without  the 
presence  of  visible  mousse.  In  both  cases,  the  counts  in  the  samples  with 
mousse  were  several  orders  of  magnitude  higher  than  in  the  samples  without  the 
mousse. 


3.2  Hydrocarbon  Biodegradation  Potentials 

The  hydrocarbon  biodegradation  potentials  without  added  nutrients  are 
shown  in  Tables  2-5  for  hexadecane,  pristane,  9  methylanthracene,  and 
benzanthracene,  respectively.  In  these  experiments  the  radio-labelled 
hydrocarbon  tracer  had  the  same  specific  activity  relative  to  the  amount  of 
oil  added.  The  tracer  was  within  an  oil  slick,  not  within  mousse.  The  amount 
of  hydrocarbon  added  (16  mg)  was  in  excess  of  levels  of  hydrocarbons  contained 
in  the  water  samples.  The  amount  of  hydrocarbon  degraded  to  CO2  was  very  low 
for  all  of  the  hydrocarbons  tested.  For  hexadecane,  which  is  considered  to  be 
a  \/ery  readily  biodegraded  hydrocarbon,  generally  less  than  1%  was  mineralized 
during  30  days  of  incubation.  The  greatest  degradation  of  polynuclear 
aromatics  measured  was  0.2%  mineralized  during  30  days,  and  in  most  cases  no 
mineralization  of  either  9  methyl  anthracene  or  benzanthracene  could  be 
detected. 

A  possible  cause  for  the  limited  hydrocarbon  degradation  was  the 
availability  in  the  water  samples  of  nitrogen-  and  phosphorus-containing 
nutrients,  which  are  necessary  to  support  microbial  oil  degradation.  This 
indeed  appears  to  be  the  case.  A  comparison  of  the  percent  hexadecane 
mineralized  during  ten  days  of  incubation  with  and  without  nutrient 
supplementation  is  shown  in  Table  6.  The  extent  of  mineralization  was  one  to 
two  orders  of  magnitude  higher  with  nutrients  added  than  under  natural 
conditions  (Table  7).  The  extent  of  hydrocarbon  mineralization  with  nutrients 
added  was  9%  at  botn  control  sites  PI  and  P2  and  between  13  and  28%  at  sites 
nearer  the  wellhead.  Unlike  the  enumeration  results,  there  was  no  significant 
correlation  between  biodegradation  potentials,  with  or  without  added 
nutrients,  and  visible  mousse  present  in  the  sample.  The  maximal  rates  of 
complete  hydrocarbon  degradation  for  the  natural  situation  appears  to  be  3 
mg/day/liter  of  surface  water,  based  on  hexadecane  and  assuming  1% 
mineralization  during  ten  days  for  all  hydrocarbons  in  the  oil.  For  the 
nutrient  supplemented  situation,  maximal  rates  could  be  80  mg  hydrocarbon 
mineralized/day/liter;  this  could  occur  if  there  was  extensive  mixing  to 
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Table  2.  Natural  biodegradation  potential  for  hexadecane 


Site 

PI 

P2 

P3*** 

P5* 

P7 

P8 
pg*** 

pg*** 

Pll 

P13** 

P14 
p]_4*** 

P15** 

P16 
p;[7*** 


10-Day 

30-Day 

%  Mineralization 

%  Mineral ization 

0 

0.3 

0 

0.5 

0 

0 

0.1 

0.1 

0.3 

1.2 

0.5 

1.0 

1.1 

2.5 

0.5 

0.8 

0.5 

0.5 

0.2 

0.3 

0.2 

1.0 

0.3 

1.2 

— 

0.1 

0.2 

0.3 

0.3 

1.6 

*0il,  but  no  mousse,  present  in  sample 
**Mousse-tar  particles  present  in  sample 


***Heavy  mousse-water  mixture 
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Table  3.  Natural  biodegradation  potential  for  pristane. 


Site 

10-Day 
%   Mineralization 

30-Day 
%  Mineralization 

PI 

0.2 

0.7 

P2 

0.4 

0.5 

P3*** 

0 

0 

P5* 

0.4 

1.0 

P7 

0.3 

1.2 

P8 

0.3 

0.4 

pg*** 

1.1 

2.0 

pg*** 

0.6 

1.0 

Pll 

0.4 

0.8 

P13** 

0.4 

1.0 

P14 

0.2 

0.4 

PI4*** 

0.7 

1.3 

P15** 

0.4 

1.0 

P16 

0.3 

1.0 

P17*"*"*" 

0.6 

1.2 

*0il,  but  no  mousse,  present  in  sample 
**Mousse-tar  particles  present  in  sample 
***Heavy  mousse-water  mixture 
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Table  4.  Natural  biodegradation  potential  for  9-methyl anthracene 


30-Day 
%   Mineral ization 

0 

0 

0 

0 

0 

0.2 

0.2 

0.2 

0.2 

0 

0.1 

0 

0 

0 

0.2 


Site 

10-Day 
%  Mineral ization 

PI 

0 

P2 

0 

p3*** 

0 

P5* 

0 

P7 

0 

P8 

0 

PQ*** 

0 

pg*** 

0 

Pll 

0 

P13** 

0 

P14 

0 

p]_4*** 

0 

P15** 

0 

P16 

0 

P17*** 

0 

*0il,  but  no  mousse,  present  in  sample 
**Mousse-tar  particles 
***Heavy  mousse-water  mixture 
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Table  5.  Natural  biodegradation  potential  for  benzanthracene 

10-Day  30-Day 

Site %  Mineral  ization %  Mineral  ization 

PI               0  0 

P2               0  0 

P3***             0  0 

P5*               0  0 

P7               0  0 

P8               0  0 

P8***             0  0.2 

P9***             0  0 

- 

Pll               0  0 

P13***            0  0 

P14               0  0 

P14***            0  0 

P15               0  0 

P16               0  0 


*0il,  but  no  mousse,  present  in  sample 
**Mousse-tar  particles  present  in  sample 
***Heavy  mousse-water  mixture 
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Table  6.  Natural  and  non-nutrient  limited  biodegradation  potentials 
for  hexadecane  during  10-day  incubation. 


Site 


Nutrient-Limited 

(Natural) 
%  Mineral ization 


Non-Nutrient 
(N,P-supplemented) 
%   Mineral ization 


PI 

P2 

P5* 

P7 

P8 
pg*** 

pg*** 

Pll 

P13** 

P14 

P14*** 

P15** 

P16 

PI  7"*"*"*" 


0.2 
0.3 
0.1 
0.3 
0.5 
1.1 
0.5 
0.5 
0.2 
0.2 
0.2 
0.1 
0.2 
0.3 


9.0 

9.0 
17.0 
15.0 
17.0 
23.0 
15.0 
18.0 
26.0 
13.0 
27.0 
23.0 
13.0 
28.0 


*0il  only,  no^  mousse  present 
**Mousse-tar  particles  in  sample 
***Heavy  mousse-water  mixture 
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Table  7.  Ratio  of  non-nutrient  limited  (N,P  supplemented)  to 
natural  biodegradation  potentials. 


Site Nutrient  Limited  (Natural) 

PI  45 

P2  30 

P5*  215 

P7  50 

P8  34 

P3***  21 

pg***  25 

Pll  36 

P13**  130 

P14  65 

P14***  135 

P15**  300 

P16  65 

P17***  100 


*0il,  but  no  mousse,  present  in  sample 
**Mousse-tar  particles  in  sample 
***Heavy  mousse-water  mixture 
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prevent  nutrient  depletion  in  the  vicinity  of  the  oil  in  areas  of  the  Gulf  of 
Mexico,  where  productivity  is  not  severely  limited  by  available  concentrations 
of  nitrogen  and  phosphorus. 

3.3  Mousse  Hydrocarbon  Biodegradation 

The  evolution  of  CO2  from  the  degradation  of  mousse  hydrocarbons  at  sites 
P5,  P8,  P14,  and  P17  is  shown  in  Figure  2.  Higher  rates  of  CO2  production 
were  found  for  mousse  collected  at  sites  P14  and  P17  than  for  that  at  the 
other  sites.  Sites  P14  and  P17  are  relatively  distant  from  the  wellhead,  and 
the  mousse  from  these  sites  was  presumed  to  be  of  the  oldest  age.  The  lowest 
rates  of  CO2  production  were  found  for  mousse  samples  from  site  5.  It  is  not 
known  whether  these  samples  truly  represent  young  mousse  or,  more  likely 
perhaps,  they  represent  older  mousse  that  was  blown  back  past  the  wellhead  and 
coated  with  fresh  oil.  The  rates  of  COo  production  convert  to  mineralization 
rates  of  1  mg  hydrocarbon  converted  to  CC^/day/liter  of  water  for  site  P5  and 
2.5  mg  hydrocarbon  mineralized/day/liter  of  water  for  sites  P14  and  P17.  The 
rates  of  mineralization  of  hydrocarbons  in  the  mousse  thus  appear  to  be  of  the 
same  order  of  magnitude  as  rates  of  hydrocarbon  mineralization  measured  in  the 
11+C  radio-labelled  natural  hydrocarbon  degradation  potential  experiments.  It 
should  be  noted,  however,  that  a  maximum  of  only  0.7%  of  the  mousse  actually 
added  in  the  flasks  was  mineralized  during  the  180-day  incubation.  Thus  the 
percent  degradation  of  hydrocarbons  in  the  mousse  was  lower  than  would  be 
predicted  from  the  biodegradation  experiments. 

While  there  was  a  continuous  gradual  evolution  of  CO2 ,  changes  in  the 
relative  concentrations  of  hydrocarbons  in  the  mousse,  indicative  of 
biodegradation,  did  not  generally  appear  until  the  120-day  sampling  (Tables  8- 
11)  occurred.  A  high  degree  of  variability  in  the  relative  concentrations  of 
hydrocarbons  in  the  mousse  was  detected  in  replicate  samples.  In  all  cases, 
however,  the  concentrations  of  n-alkanes  in  freshly  collected  mousse  were 
higher  than  those  of  pristane  and  phytane.  Following  180  days  of  incubation, 
the  ratios  of  n-alkanes  to  isoprenoid  hydrocarbons  were  reduced,  but  only  for 
mousse  from  site  5  were  the  n-alkanes  reduced  to  concentrations  below  those  of 
the  isoprenoid  hydrocarbons.  The  changes  in  the  overall  composition  of  the 
oil  indicate  some  preferential  degradation  of  n-alkanes  over  isoprenoid 
hydrocarbons  and  reflect  the  overall  low  percentage  of  degradation  of 
hydrocarbons  in  the  mousse  added  to  each  flask. 

Analyses  of  the  aromatic  fraction  have  not  been  completed,  but  those 
samples  analyzed  (representative  results  shown  in  Tables  12-15)  indicate  that 
biodegradation  of  the  aromatic  fraction  occurred  during  the  incubation 
period.  The  dimethyl  and  trimethyl  phenanthrenes  appeared  to  be  among  the 
most  persistent  compounds  in  the  aromatic  fraction  of  the  mousse  and  generally 
increased  in  importance  relative  to  even  substituted  dibenzothiophenes  during 
the  180-day  incubation  period. 

4.   DISCUSSION 


There  was  a  significant  elevation  (several  orders  of  magnitude)  in  counts 
of  hydrocarbon-utilizing  microorganisms  in  association  with  mousse  formed  from 
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Figure  2.  COj  production  from  mousse  collected  at  several  sites  in  the  Gulf  of 
Mexico.  Open  circle:  site  P5;  closed  star:  site  P8;  closed  circle 
site  P14;  oDen  star:  site  P17. 
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Table  8.  Analysis  of  saturate  hydrocarbons  from  mousse  from  site  P5 


Ratio  to 

Phyti 

jne 

Incubation 

Time 

(Days) 

Compound 

C14 

C15 

0 

10 

20 

40 

120 

180 

0.4 

1.1 

1.0 

— 

— 

— 

C16 

0.9 

2.1 

1.7 

0.8 

— 

— 

C17 

1.6 

2.6 

2.2 

1.4 

— 

— 

Pristane 

0.5 

— 

0.6 

— 

0.5 

0.4 

C18 

2.9 

3.4 

3.2 

2.2 

— 

— 

Phytane 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

C19 

3.4 

3.0 

2.9 

2.1 

0.4 

— 

C20 

3.9 

3.1 

3.1 

2.3 

0.7 

0.5 

C21 

3.7 

2.9 

2.8 

2.0 

0.7 

0.6 

C22 

3.6 

2.6 

2.7 

1.7 

0.7 

0.6 

C23 

3.6 

2.6 

2.4 

1.7 

0.6 

0.6 

C24 

3.5 

2.8 

2.5 

1.6 

0.7 

0.5 

C25 

2.8 

2.1 

2.0 

1.1 

0.4 

0.4 

C26 

2.8 

2.1 

2.9 

1.1 

0.4 

0.3 

C27 

2.1 

1.7 

1.2 

0.8 

— 

— 

C28 

2.0 

2.8 

1.5 

.1.0 

0.4 

0.4 
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Table  9.  Analysis  of  saturate  hydrocarbon  fraction  from  site  P8. 


Ratio  to 

Phytane 

Incubation 

Time  (Days) 

Compound 

0 

10 

20 

40 

120 

180 

C14 

— 

— 

— 

0.1 

— 

— 

C15 

0.3 

0.3 

0.2 

0.3 

0.2 

— 

C16 

0.8 

0.7 

0.6 

0.8 

0.6 

0.5 

C17 

1.4 

1.3 

1.2 

1.6 

1.8 

1.0 

Pristane 

0.5 

0.4 

0.4 

0.6 

0.5 

0.4 

C18 

2.7 

2.5 

2.3 

3.2 

2.4 

2.0 

Phytane 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

C19 

3.3 

3.0 

2.7 

4.7 

2.9 

2.4 

C20 

3.5 

3.3 

3.2 

4.1 

3.3 

2.9 

C21 

3.2 

3.1 

3.0 

3.9 

3.1 

2.6 

C22 

3.2 

3.2 

3.0 

3.7 

3.3 

2.6 

C23 

3.6 

3.1 

2.8 

3.8 

3.0 

2.5 

C24 

3.0 

2.9 

2.8 

3.5 

3.0 

2.5 

C25 

2.3 

2.4 

2.3 

2.5 

2.4 

2.0 

C26 

2.6 

2.3 

2.3 

2.6 

2.6 

2.1 

C27 

1.7 

1.8 

1.8 

2.1  ' 

1.9 

1.7 

C28 

1.8 

1.4 

1.7 

1.9 

1.9 

1.7 
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Table  10.  Analysis  of  saturate  hydrocarbon  fraction  from  site  P14 , 


Ratio  to 

Phytane 

Incubation 

Time  (Days) 

Compound 

0 

10    20 

40 

120 

180 

C14 

0.4 

0.3    0.4 

0.4 

0.3 

— 

C15 

1.0 

1.0    1.0 

0.9 

0.8 

0.2 

C16 

1.4 

1.5    1.5 

1.5 

1.2 

0.5 

C17 

1.8 

2.0    1.9 

1.8 

1.5 

0.7 

Pristane 

0.6 

0.5    1.1 

0.6 

0.6 

0.6 

C18 

2.6 

2.8    2.7 

2.5 

2.3 

1.2 

Phytane 

1.0 

1.0    1.0 

1.0 

1.0 

1.0 

C19 

2.5 

2.6    2.8 

2.2 

2.4 

1.3 

C20 

2.6 

2.8    2.8 

2.5 

2.3 

1.3 

C21 

2.4 

2.6    2.6 

2.3 

2.1 

1.1 

C22 

2.3 

2.7    2.4 

2.2 

2.0 

1.1 

C23 

2.1 

2.4    2.4 

2.0 

1.9 

— 

C24 

2.1 

2.4    2.4 

2.1 

1.9 

1.0 

C25 

1.8 

1.8    2.2 

1.6 

1.7 

0.9 

C26 

1.9 

1.9    1.9 

1.6 

1.4 

1.1 

C27 

1.3 

1.2    3.5 

1.2 

1.1 

0.6 

C28 

1.2 

1.3    1.2 

1.2 

1.1 

0.8 
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Table  11.  Analysis  of  saturate  hydrocarbon  fraction  from  site  P17 


Ratio  to 

Phytane 

Incul 

Dation 

Time  (Days) 

Compound 

C14 

C15 

0 

10 

20 

40 

120 

180 

0.3 

— 

2.0 

0.2 

0.1 

— 

C16 

0.8 

3.7 

0.7 

0.6 

0.4 

0.3 

C17 

1.4 

1.5 

1.3 

1.2 

0.8 

0.6 

Pristane 

0.4 

0.4 

0.4 

0.5 

0.5 

0.4 

C18 

2.6 

2.7 

2.5 

2.2 

1.6 

1.4 

Phytane 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

C19 

3.1 

3.2 

3.2 

2.8 

2.2 

1.5 

C20 

3.6 

3.6 

3.6 

3.0 

3.1 

2.2 

C21 

3.5 

3.7 

3.2 

3.1 

2.5 

2.0 

C22 

3.4 

3.6 

3.2 

2.9 

2.5 

2.2 

C23 

3.1 

3.5 

3.2 

2.5 

2.3 

2.2 

C24 

3.1 

3.5 

3.2 

2.4 

2.3 

2.2 

C25 

2.4 

2.8 

2.5 

3.4 

1.8 

1.9 

C26 

2.8 

2.9 

2.7 

2.3 

1.9 

2.2 

C27 

1.9 

2.1 

2.0 

1.6 

1.2 

1.7 

C28 

1.9 

1.9 

2.0 

1.7 

1.7 

1.7 
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Table  12.  Analysis  of  aromatic  fraction  of  mousse  collected  at  site  P5 


Ratio  to  Methyl  Dibenzothiophene 
Incubation  Time  (Days) 


Compound 

0 

10 

20 

40 

180 

Naphthalene 

— 

— 

Cl-Naphthalene 

— 

— 

— 

— 

— 

£2-Naphthalene 

0.2 

— 

— 

--- 

— 

C3-Naphthalene 

0.5 

0.1 

— 

— 

— 

Phenanthrene 

0.1 

0.1 

_  _  mm 

0.2 

mm    _  — 

Cl-Phenanthrene  1.1  0.9  — -  2.3 

C2-Phenanthrene  72.7  21.5  0.7  36.9  ++ 

C3-Phenanthrene  35.4  7.8  — -  13.9  ++ 

Dibenzothiophene  0.1  0.1  ---  ■ —  — 

Cl-Dibenzothiophene  1.0  1.0  1.0  1.0 

C2-Dibenzothiophene  2.1  1.7  2.4  2.1  ++ 

C3-Dibenzothiophene  1.1  0.7  0.5  0.7  ++ 


++  =  barely  detectable 
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Table  13.  Analysis  of  aromatic  fraction  of  mousse  collected  at  site  P8 


Ratio  to  Methyl  Dibenzothiophene 
Incubation  Time  (Days) 


Compound  0     120    180 

Naphthalene  —    —    — 

Cl-Naphthalene  —    —    — 

C2-Naphthalene  0.1 

C3-Naphthalene  0.3    0.1     0.5 

Phenanthrene  0.1    —     0.7 

Cl-Phenanthrene  1.0    —    — 

C2-Phenanthrene  9.8    77.5    167.6 

C3-Phenanthrene  5.1    51.1    185.9 

Dibenzothiophene 

Cl-Dibenzothiophene 

C2 -Dibenzothiophene 

C3-Dibenzothiophene 


0.1 

___ 

0.2 

1.0 

1.0 

1.0 

1.8 

7.6 

15.6 

0.9 

4.3 

16.2 
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Table  14.  Analysis  of  aromatic  fraction  of  mousse  collected  at  site  P14. 


Ratio  to  Methyl  Dibenzothiophene 
Incubation  Time  (Days) 


Compound  0  10     20  40     120     180 

Naphthalene  —  —    —  —    —    — 

Cl-Naphthalene  0.0  —  0.4 

C2-Naphthalene  1.6  0.1     -—  0.0 

C3-Naphthalene  2.2  0.5    1.0  0.2    0.3     1.5 

Phenanthrene  0.2  0.1  0.0  0.2 

Cl-Phenanthrene  0.9  1.0  0.8  1.6    0.2 

C2-Phenanthrene  6.9  19.1  17.2  30.8  33.0    121.4 

C3-Phenanthrene  3.1  6.9  10.1  15.6  15.5    108.7 


Dibenzothiophene 

0.3 

0.1 

___ 

0.0 

— 

— 

CI -Dibenzothiophene 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

C2 -Dibenzothiophene 

1.3 

1.3 

1.7 

1.4 

2.8 

6.7 

C3-Dibenzothiophene 

0.5 

0.5 

0.8 

0.6 

1.3 

4.1 
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Table  15.  Analysis  of  aromatic  fraction  of  mousse  collected  at  site  P17 


Ratio  to  Methyl  Dibenzothiophene 
Incubation  Time  (Days) 


Compound 

0 

20 

180 

Naphthalene 

— 

— 

— 

Cl-Naphthalene 

— 

— 

— 

C2-Naphthalene 

0.1 

— 

— 

C3-Naphthalene 

0.5 

0.4 

— 

Phenanthrene 

0.1 

_  _  — 

_  —  — 

Cl-Phenanthrene  1.0  —  — 

C2-Phenanthrene  9.6  123.7  85.0 

C3-Phenanthrene  2.4  156.8  490.4 

Dibenzothiophene  0.1  ---  — 

Cl-Dibenzothiophene  1.0  1.0  1.0 

C2-Dibenzothiophene  1.7  8.1  68.1 

C3-Dibenzothiophene  1.0  5.4  93.7 
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oil  released  from  the  IXTOC-I  well  in  the  Gulf  of  Mexico.  This  rise 
represented  a  shift  within  the  microbial  community;  there  .was  no  significant 
elevation  in  total  microbial  biomass.  Similar  selective  increases  in 
concentrations  of  hydrocarbon  utilizers  have  been  reported  in  most  cases 
following  oil  spills;  they  have  been  noted  by  the  authors  of  this  report  in 
previous  studies  of  marine  and  inland  oil  spills,  including  concentrations  in 
sediments  impacted  by  the  AMOCO  CADIZ  oil  spill. 

Despite  the  elevated  populations  of  hydrocarbon  utilizers,  rates  of 
hydrocarbon  degradation  appear  to  be  slow.  Unlike  previous  reports  in  the 
literature  concerning  the  fate  of  crude  oil  in  the  Gulf  of  Mexico  (e.g., 
Kator  et  al.,  1971),  which  would  indicate  extensive  degradation  within  24 
hours,  this  study  shows  that  the  complete  biodegradation  to  COo  of 
hydrocarbons  in  mousse  from  IXTOC-I  was  of  the  order  of  less  than  5%  per 
year.  There  was  evidence  for  a  relatively  severe  nutrient  limitation  to 
extensive  oil  biodegradation.  Although  nutrient  levels  were  not  measured  by 
the  present  authors,  the  comparison  of  natural  and  nutrient-stimulated  rates 
of  hydrocarbon  mineralization  strongly  suggests  that  concentrations  of 
available  nitrogen  and  phosphorus  in  the  Bay  of  Campeche  surface  waters  were 
yery   low. 

The  hydrocarbon  composition  of  mousse  collected  near  the  wellhead  (site 
P5)  and  at  some  distance  from  the  wellhead  (sites  P14  and  P17)  did  not  show 
evidence  of  extensive  microbial  modification  of  the  hydrocarbons  in  the 
mousse.  Unlike  analyses  of  hydrocarbons  in  sediments  impacted  by  mousse  from 
the  AMOCO  CADIZ  spill,  where  n-alkane  to  isoprenoid  hydrocarbon  ratios  shifted 
rapidly  from  four  to  less  than  one  within  a  few  weeks  following  the  spill,  the 
n-alkane  to  phytane  ratios  generally  remained  greater  than  one  in  mousse 
collected  in  the  Gulf  of  Mexico,  even  following  extensive  incubation.  A 
decrease  in  the  n-alkane  to  isoprenoid  hydrocarbon  ratio  is  taken  as  evidence 
of  biodegradation,  since  microorganisms  usually  degrade  straight  chain  alkanes 
more  rapidly  than  branched  alkanes. 

There  is  some  difficulty  in  establishing  appropriate  units  for 
degradation  rates  of  hydrocarbons  in  mousse.  Compared  to  oil  slicks,  a  lower 
percentage  of  hydrocarbon  was  found  to  be  completely  degraded  to  C0£  in  the 
mousse,  although  absolute  rates  of  C0£  evolution  extrapolated  to  comparable 
volumes  of  seawater  were  not  different  between  hydrocarbons  in  oil  slicks  and 
hydrocarbons  in  mousse.  It  is  likely  that  hydrocarbons  in  large  mousse 
accumulations  are  not  as  rapidly  degraded  as  oil  available  in  slicks  or  in 
fine  emulsions  within  the  water  column,  due  to  unfavorable  surface  area-to- 
volume  relationships  and  poor  transport  of  nutrients  to  hydrocarbons  within 
large  accumulations  of  mousse.  It  seems  safe  to  conclude  that  the  evidence 
indicates  that  biodegradation  of  hydrocarbons  in  mousse  floating  on  surface 
waters  in  the  Gulf  of  Mexico  was  severely  limited;  it  was  occurring  but  at  low 
rates.  As  a  result,  sufficient  time  existed  for  transport  of  the  mousse  in 
relatively  undegraded  states  to  other  systems,  such  as  benthic  or  intertidal 
sediments.  Evidence  for  long-term  mineralization  of  the  hydrocarbons  in  the 
mousse  was  found,  but  it  is  likely  that  extensive  degradation  will  occur  in 
systems  with  greater  availability  of  nutrients  such  as  in  coastal  lagoons  and 
estuaries,  where  the  oil  may  be  transported  and  deposited. 
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1.   INTRODUCTION 


The  cruises  of  the  RESEARCHER  and  PIERCF  were  designed  to  collect 
scientific  data  and  samples  that  will  be  used  to  extend  our  understanding  of 
the  long-term  fates  and  effects  of  spilled  petroleum  hydrocarbons  in  the 
marine  environment.  This  scientific  venture  takes  advantage  of  the  research 
opportunities  afforded  by  the  IXTOC-I  spill  and  is  of  particular  significance 
since  it  is  the  only  major  spill  studied  to  date  that  occurred  in  a  temperate 
climate.  The  samples  collected  from  the  cruises  were  analyzed  as  a  "team 
effort"  by  a  selected  group  of  university  and  private  laboratories.  This 
paper  describes  preliminary  observations  resulting  from  the  analyses  performed 
at  the  University  of  New  Orleans'  Center  for  Bio-Organic  Studies.  It  must  be 
emphasized  that  the  data  presented  herein  require  further*  analysis, 
interpretation,  and  synthesis  with  the  results  of  other  investigators  before 
the  significance  of  this  research  can  be  fully  understood.  We  have  included 
raw  gas  chromatographic  and  gas  chromatographic-mass  spectrometric  data  for 
examination  by  those  who  are  associated  with  oil  spill  research,  so  that  these 
results  may  be  fully  viewed  and  interpreted  in  the  broadest  possible 
context.  While  tabular  data  are  easiest  for  scientists  not  familiar  with  the 
specific  project  to  understand,  they  inevitably  omit  important  results  that 
can  be  obtained  only  by  careful  review  of  all  data  from  a  set  of  analyses. 

Our  program  was  designed  to  accomplish  the  following:  (1)  detailed 
characterization  of  fresh  IXTOC-I  crude  oil;  (2)  detailed  characterization  of 
weathered  IXTOC-I  oil;  (3)  analyses  of  selected  environmental  samples  to 
determine  the  effects  of  weathering  on  IXTOC-I  oil;  (4)  laboratory  photolysis 
of  IXTOC-I  oil;  (5)  determination  of  the  photochemical  oxidation  products  from 
IXTOC-I  oil,  and  (6)  analysis  of  samples  from  the  Bacterial  Microcosm 
Experiment  for  selected  hydrocarbons  and  degradation  products  of  the  IXTOC 
oil.  This  paper  will  describe  the  results  of  1,  2,  3,  and  6. 

2.   ANALYTICAL  METHODOLOGY 


2.1  Fractionation 

The  general  philosophy  in  our  laboratory  concerning  the  analysis  of 
environmental  samples  is  to  keep  chemical  treatment  of  the  sample  extract  to  a 
minimum.  Unfortunately,  environmental  samples  are  of  such  complexity  that  the 
extracts  must  be  simplified  into  subfractions  prior  to  instrumental 
analysis.  Figure  1  diagrams  the  various  fractionation  schemes  that  were  used 
in  analyzing  samples  from  the  IXTOC-I  blowout. 

2.1.1  Neutral  Extraction 

The  neutral  extract  is  functionally  defined  as  that  portion  of  the  sample 
that  will  dissolve  in  or  be  extracted  by  nonpolar  organic  solvents  (such  as 
hexane  or  methylene  chloride).  The  neutral  extracts  are  fractionated  by  any 
one  of  three  fractionation  schemes. 

Silica  Gel  Fractionation.  The  standard  analytical  fractionation  scheme 
involves  liquid-solid  absorption  chromatography  using  activated  silica  gel  as 
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the  solid  substrate.  By  increasing  the  polarity  of  the  eluting  solvent, 
successively  more  polar  subfractions  can  be  eluted  from  silica  gel  columns. 
Nonpolar  solvents,  such  as  hexane,  will  elute  saturated-type  hydrocarbons  and 
produce  an  fi  fraction;  a  mixture  of  30%  methylene  chloride  in  hexane  will 
elute  slightly  more  polar  compounds  (such  as  the  aromatic  hydrocarbons)  and 
produce  an  f£  fraction.  A  polar  solvent,  such  as  methanol,  will  elute  polar 
compounds  from  the  silica  gel  column  and  produce  an  f3  fraction. 

Silica  gel  fractionation  is  tried  and  proven  for  analysis  of  the  saturate 
(f^)  and  aromatic  (f£)  fractions  but  is  not  entirely  suitable  for  analysis  of 
more  polar  compounds.  For  example,  silica  gel  is  used  as  a  catalyst  in  the 
synthesis  of  certain  types  of  oxidized  hydrocarbons  (McKillop  and  Young, 
1979).  The  catalytic  activity  is  a  serious  disadvantage  when  silica  gel  is 
used  as  a  fractionation  medium  in  the  analysis  of  oxidized  aromatic 
compounds.  To  overcome  the  inherent  limitations  in  the  use  of  silica  gel 
fractionation  of  environmental  samples,  we  have  developed  alternative 
techniques  that  represent  more  gentle  and  more  effective  separation  methods. 
These  'techniques  involve  the  use  of  high-pressure  liquid  chromatography 
(HPLC).  Throughout  our  study,  HPLC  fractionation  techniques  applied  only  to 
samples  shown  to  contain  interesting  features  using  the  more  conventional 
silica  gel  fractionation  techniques. 

HPLC  Size  and  Polarity  Separation.  The  HPLC  fractionation  technique 
separates  extracts  using  a  two-dimensional  chromatographic  scheme.  The  first 
step  separates  samples  according  to  the  principle  of  size-exclusion 
chromatography.  This  separation  sequence  is  followed  by  additional 
fractionation  involving  either  a  normal  or  a  reverse-phase  absorption 
chromatographic  procedure.  This  two-dimensional  fractionation  technique 
produces  essentially  the  same  types  of  fractions  as  are  produced  by  silica  gel 
chromatography,  but  the  fractions  are  cleaner  and  less  subject  to  catalytic 
decomposition.  Also,  certain  fatty  acid  compounds  are  separated  from  the 
polar  aromatic  compounds.  This  is  significant,  since  the  fatty  acids  are 
ubiquitous  in  the  marine  environment  and  interfere  in  the  analysis  of  polar 
and  oxidized  aromatic  hydrocarbons.  The  HPLC  fractionation  scheme  is  flexible 
in  that  several  additional  subfractions,  which  are  not  normally  obtainable 
from  silica  gel  column  chromatography,  can  easily  be  generated  from  the  sample 
extract.  Also,  the  fractions  are  separated  using  nonaqueous  solvent  systems, 
and  this  facilitates  their  analysis  by  glass-capillary  gas  chromatographic 
(GC)2  and  glass-capillary  gas  chromatographic-mass  spectrometric  (GC2MS) 
techniques.  Aprotic  solvents  are  also  essential  for  derivatization  of  polar 
fractions. 

Figure  2  shows  the  computer-reconstructed  glass  capillary  gas 
chromatograms  of  the  saturate  and  aromatic  fractions  of  a  mousse  sample 
collected  at  RIX  10,  using  both  the  silica  gel  and  the  HPLC  fractionation 
schemes.  Careful  examination  of  these  data  indicates  that  our  HPLC 
fractionation  reproduces  essentially  the  same  types  of  fractions  as  can  be 
obtained  from  silica  gel  columns.  There  are  important  differences,  however, 
between  these  two  techniques.  The  HPLC  fraction  II  is  substantially  cleaner 
and  has  a  less  pronounced  unresolved  mixture  than  the  aromatic  fraction  from 
silica  gel  columns.  This  cleaner  fraction  facilitates  more  detailed  GC2  and 
GC2MS  analysis  of  this  important  fraction. 


442 


Ld 

CO 

CO 

Z>  M 

o 

z:  z. 

o 

1    H 

h- 

(\J  o 

r^  < 

lo  a: 

—  Ld  u_ 

H-  O 

UJ  —  CJ 

COX  J 

CO  H  Q_ 

JCCI 

LJ  O 

CO  H 

CO  t- 

Z>  o 

o  < 

H  Y 

Li_ 

1 

_l 

(\J  UJ 

r^  cd 

LO 

—  UJ  < 

<2>  S>  CJ 

m  —  h 

COX  J 

(OHH 

_l  Y  CO 

3 


3. 


3 


UJ 

CO 

CO  H 

Z)  H 

O 

z.  z 

o 

1    H 

h- 

C\J  CJ 

r-  < 

LO  LY 

—  UJ  u_ 

1-  <s 

Lu  —  CJ 

COX  J 

CO  H  Q_ 

_l  Y  X 

J 


\ 


CM 


\ 


J 


3SN0dS3y  a3aaoD3a 


Ld  O 

CO  H 

CO  h- 

Z>  CJ 

O  < 

z  y 

U_ 

_1 

C\J  Ld 

r-  cj 

LO 

—  Ld  < 

uou 

O  —  H 

COX  J 

COHH 

_l  Y  CO 

CO 
C\J 


CD 
C\J 


CO 

(\J 


CD 


CO 
LO 
C\J 


UJ 
Q_ 

s: 

Ld 


CS) 
C\J 


J 


co 


co 
cn 


3 


QJ    4-> 

X3 

CO 

a>  <4-  jr 

S~ 

00 

CO    CD  4-> 

ro 

3  I—  -i- 

-o 

o^  s. 

c 

E 

ro 

>)  co 

4-> 

or  (U 

CO 

CO 

i— i    Q_  -M 

rO    3 

1 — 

X    S-  i— 

03 

i—i    en  qj 

c 

cxz   o 

s_ 

+->     ^ 

CD 

fO    ro  f- 

4-> 

CO 

E  CQ 

C 

M-   O  s: 

■  i — 

O    S- 

sz     « 

-a 

CO    CJ  "O 

c 

c         s_ 

o 

CO 

i  n 

O    C     03 

u 

r\ 

•r-    E  "O 

CD 

Jl 

+->    =3    C 

CO 

-J 

CJ  r—     fO 

3 

CO    O  +-> 

CD 

7* 

S-     CJ     CO 

sz 

-< 

4- 

h- 

O 

j: 

i —  i — 

^r 

v-> 

CJ    CD    fO 

•r    rjc 

• 

z 

4->              S- 

CD 

H 

fO    ro    CD 

c 

— 

E    CJ  +-> 

CD 

O  -i-    C 

i — 

oo 

S-  r-  •!- 

03 

oo 

ro  •<- 

SZ 

co  +-> 

■P 

"O          co 

JC 

C  -D    S_ 

Q. 

ro    S_  -r- 

ro 

(O  4- 

C 

CO 

CD  "O 

i — 

C\J 

+->    C    CD 

>> 

fO    ro  -SC 

sz 

S-  +->  h- 

+J 

Z3    CO 

CD 

+-> 

E 

ro    CD       • 

i 

CO 

CO  sz  ^~- 

CO 

~~ 

+->    4-> 

CD           SZ 

co 

sz  si    en 

03 

+->     +->     T- 

o  s- 

CD 

4-  X> 

E      • 

O 

■i-      LD 

cn  co 

+->      CM 

co    c    CD 

CJ 

E  •!-   E 

C      1 

ro    co    CD 

O    C  1 

(a; 
LO 

r\ 

s-   3J: 

CO 

cn         o 

+->  -a 

LU 

O  "O    co 

E     C 

1 — 

3 

-M    CD 

CD    ro 

ro  +->    C 

+-> 

H 

E    re    O 

CD    <^f- 

CO 

^ 

O    C  •<- 

5-    evi 

w 

C    O  +-> 

CJ 

_C  •!-    ro 

CD     1 

O  4->    C 

E    Cl 

H 

CJ    O 

ro          ' 

t— 

co    ro  t— 

00    C 

ITJ     S--P 

CD 

m 

cn<+_    o 

CD    CD 

oo 

ro 

SZ    2 

>)W    !- 

4->    +-> 

S_    ro  4- 

CD 

rO    2 

>>JQ 

1—            C_) 

i— 

1—  +->  —I 

CD     CO 

CD 

•r     (OQ. 

+->    CD 

CM 

Q-jz:  n: 

ro  +-> 

ro  +-> 

E   rs 

CJ            CD 

■i—  i — 

CD  JC 

X    CD 

CO  i —    +-> 

O 

co   a 

C       « 

S 

ro    E  "O 

ao. 

— 

r—    ra    c 

Q.I— 

CD    CO    03 

03  Q 

3SN0dS3y  a3aaoo3d 


CNJ 

CD 

S- 
=3 

cn 


443 


HPLC  Polarity  (only)  Separation.  Certain  of  the  samples  from  this  study 
were  fractionated  into  polar  and  nonpolar  fractions  using  only  HPLC  absorption 
chromatography. 

2.1.2  Extraction  of  Bases 

Sample  extracts  also  can  be  liquid-liquid  partitioned  to  extract  organic 
compounds  with  various  functional  groups.  For  example,  extraction  of  mousse 
samples  against  1M  HC1  solutions  will  partition  certain  nitrogen-containing 
hydrocarbons  as  the  hydrochloride  salt.  The  salts  are  then  neutralized  and 
re-extracted  into  organic  solvents  prior  to  GC2  and  GC2MS  analysis. 

2.1.3  Acid  Extractions 

Water  samples  can  be  acidified  and  then  extracted  with  organic  sol- 
vents. This  sequential  extraction  scheme,  which  follows  the  neutral 
extraction  of  water  column  samples,  is  designed  to  extract  those  hydrocarbons 
that  are  ionized  (or  dissociated)  at  neutral  pH's.  Organic  compounds  that  are 
extracted  by  these  techniques  include  phenols  and  carboxylic  acids. 

2.1.4  Special  Methylation  Procedure 

Figure  3  diagrammatically  shows  the  additional  analytical  methods  applied 

to  sample  fractions.   If  fractions  have  compounds  that  should  not  contain 

easily  dissociated  hydrogen  ions,  they  are  analyzed  directly  by  GC  ,  using 

simultaneous  generaj   (f lame-ionization)  and  element  specific  (S  or  N) 
detectors,  and/or  GC2MS. 

Certain  fractions  contained  organic  compounds  with  replaceable  hydrogen 
ions.  These  fractions  were  derivatized  with  a  diazomethane  procedure 
especially  developed  for  analysis  of  environmental  samples.  The  procedure  is 
a  gentle  gas-phase  methylation  technique  that  minimizes  side-reaction  products 
and  contamination.  Diazomethane  is  generated  by  a  two-phase  reaction  between 
sodium  hydroxide  and  N-nitroso-N-methyl  urea  (Schwartz  and  Bright,  1974).  The 
sample  extract  is  placed  on  celite  and  the  diazomethane  gas  is  passed  over  the 
extract.  The  methylated  extract  is  then  washed  off  the  substrate  and 
subjected  to  GC2  and  GC2MS  analysis. 

2.2  Gas  Chromatography 

All  gas  chromatographic  separations  were  achieved  using  SE-52  wall-coated 
open  tubular  glass  capillary  columns  made  in-house  according  to  the  procedures 
of  Grob  (Grob  et  al.,  1979).  The  columns  were  generally  30  m  in  length,  0.3 
mm  ID,  and  had  a  helium  flow  rate  of  3  ml/min.  The  columns  were  installed  in 
Hewlett-Packard  5711  gas  chromatographs  and  temperature  programmed  from  50°C 
to  250°C  at  4°C/min.  Eluting  peaks  were  detected  by  several  methods:  (1) 
generalized  flame  ionization  detector  (FID);  (2)  simultaneous  FID  and  Hall 
electrolytic  conductivity  detector  (HECD)  in  either  the  nitrogen  or  sulfur 
mode  (McCarthy  et  al.,  1980);  and  (3)  a  mass  spectrometer  interfaced  directly 
to  the  gas  chromatographs. 
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2.3  Mass  Spectrometry 

Three  types  of  mass  spectrometers  were  used  in  this  work:  a  Varian/MAT 
311A  high-resolution  mass  spectrometer;  a  duPont  21-491  double-focussing  mass 
spectrometer;  and  a  Hewlett-Packard  (HP)  5985  quadrupole  mass  spectrometer. 
Most  routine  GC  MS  runs  were  done  on  the  HP  5985  instrument.  Raw  GC  MS  data 
was  written  on  magnetic  tape  in  the  compressed  Hewlett-Packard/Environmental 
Protection  Agency  (HPEPA)  format.  Special  software  routines,  which  were 
written  in-house,  read  the  HPEPA-formatted  data  into  an  INCOS  GC^MS  data 
system  (Steele,  et  al.,  1980).  This  unique  software  allows  GC2MS  data 
generated  on  the  HP  5985  to  be  treated  by  the  advanced  algorithms  of  the  INCOS 
data  system.  All  GC  MS  analyses  performed  on  the  quadrupole  instrument  were 
done  using  a  mass  spectral  cycle  time  of  one  second,  so  that  accurate 
quantification  could  be  obtained  from  mass  spectral  data  of  individual  eluting 
compounds.  Mass  spectral  identifications  were  based  on  a  combination  of 
matches  with  authentic  standards,  matches  with  data  in  the  Environmental 
Protection  Agency/National  Bureau  of  Standards/National  Institute  of  Health 
(EPA/NBS/NIH)  Mass  Spectral  Library,  manual  interpretation  of  mass  spectral 
data,  and  the  use  of  retention  time  comparisons  between  standards  and  unknowns 
for  those  compounds  exhibiting  ambiguous  mass  spectral  fragmentation  patterns. 

All  GC^  and  GCCMS  raw  data  are  stored  in  digital  form  on  either  magnetic 
discs  or  tapes  and  are  available  for  future  examination. 

2.4  Standards 

Prior  to  GC2  and  GC^MS  analysis,  each  fraction  was  spiked  with  two 
internal  standards  that  elute  at  different  times  during  a  run.  The  internal 
standards,  methylbenzothiazole  (MBT)  and  ditolylpyridine  (DTP),  were  chosen  to 
give  responses  with  the  element-specific  detectors.  Also,  the  use  ot  two 
internal  standards  facilitates  alignment  between  GC  runs  and  between  GC  and 
GC  MS  analysis.  The  first  internal  standard,  MBT,  elutes  with  approximately 
the  same  retention  time  as  2  methylnaphthylene.  The  second  internal  standard, 
DTP,  elutes  between  n-C24  and  C25.  Table  1  indicates  the  concentration  of 
internal  standards  in  micrograms  per  gram  (ppm)  used  to  spike  sample  fractions 
prior  to  GC2  and  GC2MS  analysis.  The  values  given  in  the  table  are 
representative  of  concentrations  of  individual  components  (assuming  equal 
response  factors)  in  the  sample  fractions. 

3.  RESULTS 


3.1  Unweathered  Oil  (Control  Sample) 

Figure  4  contains  diagrams  of  the  molecular  structures  of  various 
hydrocarbons  and  non-hydrocarbons  found  in  the  IXTOC  oil. 

3.1.1  Aromatic  Hydrocarbons 

Figure  5  is  a  computer-generated  plot  of  the  simultaneous  glass-capillary 
gas  chromatograms  using  the  FID  and  sulfur-specific  detectors  of  the  size- 
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Table  1.  Internal  standard  concentrations  for 
standard  was  spiked  to  indicate  the  amount,  in 
components  in  specific  sample  fractions.) 


GC^  analysis.  (The  internal 
ng   per  gram,  of  individual 


Figure  Number 


Internal  Standard  Amt.  (ppm) 
(First  Internal  Std.  -  MBT) 


2 

top  left 
top  right 
bottom  left 
bottom  right 

4 

top  and  bottom 

7 

top  and  bottom 

8 

top  and  bottom 

14 

top 

middle 

bottom 

15 

top 

middle 

bottom 

16 

top 

middle 
middle 
bottom 

17 

top 
bottom 

18 

top 
bottom 

21 

top  left 
top  right 
bottom  left 
bottom  right 

22 

top  left 
top  right 
bottom  left 
bottom  right 

23 

top  left 
top  right 
bottom  left 
bottom  right 

5140 

5790 

257 

278 

1020 

.012 

.012 

585 
140 
292 

4560 
146 
115 

600 

60 

60 

16.8 

7.2 
16.8 

.001 
.0005 

3.08 
3.08 
1800 
1800 

3.08 
3.08 
.005 
.005 

.005 
.002 
.005 
.003 
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Table  1.   (Continued) 


Figure  Number 


Internal  Standard  Amt.  (ppm) 
(First  Internal  Std.  -  MBT) 


24 


25 


top  left 
top  middle 
top  right 
middle  left 
middle 
middle 
bottom 
bottom 
bottom 


middle 

right 

left 

middle 

right 


top 
botom 


.300 
.625 
.625 
.294 
.613 
.613 
.283 
.589 
.589 

46.2 
5560 


26  top  left 
top  right 
bottom  left 
bottom  right 

27  top 
middle 
bottom 


3.08 

3.08 

556 

556 

.125 
.092 
.062 


28 


top 
bottom 


.062 
.030 


29 


top 
middle 


.125 
.250 


30 


top 

middle 

bottom 


.062 
.333 
.062 


31 


top 

middle 

bottom 


.125 
.114 
.062 


32 


top 

middle 

bottom 


.062 
.114 
.030 


33 


top 
bottom 


.062 
5330 


34    top 

bottom  left 
bottom  right 


.030 
533 
533 
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Table  1.   (Continued) 


Figure  Number 


Internal  Standard  Amt.  (ppm) 
(First  Internal  Std.  -  MBT) 


35 


top 
bottom 


.250 
10600 


36  top  left 
top  right 
bottom  left 
bottom  right 

37  top 
bottom 

38  top 
bottom  left 
bottom  right 

39  top 
middle 
bottom 


.062 
.062 
1060 
1060 

.062 
5780 

.030 
578 
578 

.032 
.032 
.032 


40    top  left 
top  right 
bottom  left 
bottom  right 


.032 
.038 
.040 
.095 
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separated  nonpolar  fraction  (SI)  of  the  fresh  oil  collected  at  site  PIX  05. 
This  sample  represents  the  freshest,  most  unweathered  oil  collected  during  the 
cruises.  It  was  sampled  close  to  the  wellsite  at  0.75  nautical  miles 
downstream  from  the  discharge  in  the  plume.  The  following  aromatic 
hydrocarbons  and  homologs  were  identified  via  mass  spectrometry  in  this 
sample: 


alkylated  benzenes 

naphthalenes 

naphthenoaromatics 

biphenyls 

f  luorenes 

phenanthrenes 

the  pyrene  family 

the  chrysene  family 

the  benzopyrene  family 


(to  at  least  Cg  alkyl  homologs) 

(to  C4  alkyl  homologs) 

(to  C3  alkyl  homologs) 

(to  C3  alkyl  homologs) 

(to  C3  alkyl  homologs) 

(to  C3  alkyl  homologs) 

(202  family  -  to  C3  alkyl  homologs) 

(228  family  -  to  C3  alkyl  homologs) 

(252  family  -  to  C3  alkyl  homologs) 


3.1.2  Sulfur-Containing  Compounds 

The  following  sulfur-containing  compounds  were  detected  by  the  Hall 
electrolytic  conductivity  detector  and  identified  via  mass  spectrometry: 


benzothiophenes 

dibenzothiophenes 

benzonaphthylthiophenes 


(to  the  C3  alkyl  homologs) 
(to  the  C3  alkyl  homologs) 
(to  the  C3  alkyl  homologs) 


Other  sulfur  compounds  were  detected  in  the  sulfur  chromatogram  but  have 
not,  as  yet,  been  identified  by  mass  spectrometry. 

Figure  6  shows  the  extracted  ion. current  profiles  (EICP)  representative 
of  benzonaphthylthiophene  (234)  and  its  C1  (248),  C2  (262),  and  C3(276)  alkyl 
homologs.  Background-subtracted  mass  spectra  are  also  given  for  the  parent 
compound  and  typical  C^  to  Co  alkyl  homologs.  The  parent  (P),  parent  minus  1 
(P-l),  parent  plus  1  and  2  (P+l,  P+2),  and  parent  minus  15  (P-15)  are 
important  ions  used  to  identify  these  substances.  Mass  spectral  background 
subtracting  techniques  did  not  completely  remove  ion  resulted  from  coeluting 
components  in  these  complex  analyses. 

3.1.3  Nitrogen-Containing  Compounds 

Figures  7  and  8  show  the  computer-generated  plots  of  the  simultaneous  FID 
and  nitrogen-specific  detector  gas  chromatograms  of  the  polar  and  nonpolar 
fractions  of  the  acid  extract  of  oil  collected  at  PIX  05.  These  chromatograms 
visually  illustrate  the  numerous  nitrogen-containing  organic  compounds  found 
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in  this  oil.  Many  of  these  compounds  belong  to  the  quinoline  (129), 
phenanthridine  (179),  and  carbazole  (167,  emperical  formula  of  C-^HgN) 
families  of  nitrogen  azaarenes.  Other  nitrogen-containing  compounds  are  not, 
as  yet,  completely  identified. 

Figure  9  shows  the  EICP  for  the  C2  (195),  C3  (209),  C4  (223),  and  Cr 
(237)  alkyl  homologs  of  carbazole,  together  with  the  background-subtracted 
mass  spectra  of  representative  compounds  for  each  group  of  alkyl  homologs. 
Although  the  amounts  of  individual  components  were  extremely  low,  important 
features  in  the  spectra  are  evident.  Most  alkyl  homologs  of  these  aromatic 
heterocycles  exhibit  prominent  parent  ions  along  with  intense  ions  at  P-l  and 
P-15.  The  base  peak  in  the  spectrum  is  often  determined  by  the  positions  of 
alkyl  substitution.  For  example,  Figure  10  shows  the  molecular  ion  region  in 
the  spectra  of  the  four  C3  alkyl  homologs  of  carbazole.  Although  background- 
subtraction  routines  tend  to  alter  the  ion  intensities  in  the  mass  spectra 
from  complex  chromatograms  such  as  these  and  do  not  always  remove  ions  from 
coeluting  substances,  this  figure  clearly  shows  the  influence  of  alkyl 
substitution  on  the  mass  spectra  of  the  C3  carbazoles.  While  these  specific 
compounds  are  not  in  the  EPA/NBS/NIH  mass  spectral  library,  their  mass  spectra 
generally  agree  with  published  mass  spectra  of  other  substituted  azaarenes 
(Draper  and  MacLean,  1968). 

Figure  11  shows  the  EICP  and  representative  mass  spectra  from  the  f^ 
fraction  of  IXT0OI  oil.  The  EICP  is  for  ions  with  masses  of  179,  193,  207, 
221,  and  235,  which  are  characteristic  of  three-ring  aromatic  compounds  (i.e., 
phenanthridine)  and  their  alkyl  homologs  containing  a  nitrogen  atom  in  the 
ring  structure.  The  single  peak  in  the  207  EICP  is  not  characteristic  of  the 
alkyl  homolog  distribution  pattern  to  be  expected  if  the  compound  was  a  member 
of  the  phenanathridine  family  of  azaarenes.  The  mass  spectrum  tends  to 
support  this  conclusion,  since  P-l  and  P-15  ions  are  not  present.  This  peak 
probably  represents  the  parent  compound  in  a  new  series  of  azaarenes  with 
molecular  formula  of  C^H-^N.  Because  of  the  small  quantities  of  the  compound 
present  and  the  absence  of  extensive  molecular  fragmentation,  unequivocal 
identification  of  this  substance  is  difficult. 

Figure  12  shows  the  EICP  and  representative  mass  spectra  for  the  series 
171,  185,  199,  213,  and  227.  The  major  peak  eluting  in  the  171  mass 
chromatogram  (EICP)  appears  to  be  a  Co  alkylated  quinoline.  The  parent  C^  and 
C2  homologs  of  quinoline  were  not  detected  in  this  fraction.  Other  homologs 
were  detected  in  the  mass  chromatograms  (EICP)  for  ions  185,  199,  and  213. 
Figure  13  shows  four  background-subtracted  mass  spectra  with  parent  ions  of 
185.  Examination  Of  this  data  reveals  that  certain  of  the  compounds  with 
molecular  weights  of  185  may  not  be  homologs  of  the  quinoline  series  of 
azaarenes  and  may  represent  other  ring-structure  azaarenes.  Also,  depending 
on  the  position  of  alkyl  substitution,  the  base  peak  in  the  spectra  of  certain 
alkyl  homologs  can  be  found  at  P-l. 

3.2  Weathered  Oil-Water  Emulsions  (Mousse  Samples) 

Detailed  GC^  and  GC^MS  analyses  of  a  number  of  mousse  samples  were 
performed  in  order  to  determine  the  effects  of  weathering  on  these  samples. 
Whenever  possible,  the  mousse  samples  were  classified  by  visual  identification 
and  manually  separated  into  an  outer  crust  (which  was  the  more  heavily 
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Figure  9.  Extracted  Ion  Current  Profiles  and  representative  background- 
subtracted  mass  spectra  for  members  of  the  carbazole  family  of 
nitrogen-containing  aromatic  compounds  (195-C„  carbazoles, 
209-C3  carbazoles,   223-C4  carbazoles,   237-C5  carbazoles). 
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Figure  12. 


Extracted  Ion  Current  Profiles  and  representative  background 
subtracted  mass  spectra  for  the  alkylated  quinoline  family  of 
azarenes  (171-C3  quinoline,  185-C4  quinoline,  199-C5  quinoline, 
213-Cfi  quinoline,  227-C7  quinoline). 
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weathered  portion  of  the  sample)  and  the  less-weathered  inner  material. 
Typical  data  are  presented  in  this  report.  Figures  14  and  15  show  the 
computer-reconstructed  glass  capillary  gas  chromatograms  of  the  fi,  fo,  and  f3 
fractions  of  the  mousse  sample  collected  off  the  beach  at  RlX  23.  This 
particular  mousse  had  a  well  defined  outer  crust  and  a  less  weathered  inner 
structure.  Figure  14  shows  the  data  for  the  outer  crust,  while  Figure  15 
shows  the  equivalent  data  from  the  less  weathered  inner  portion  of  this  mousse 
sample. 

3.2.1  Saturate  (f]_)  Fraction 

Examination  of  Figures  14  and  15  reveals  that  the  fi  fractions  are 

qualitatively  \iery   similar.   The  lower  molecular  weight  n-alkanes  up  to  C-jj 

have  been  lost  to  evaporation.  Quantitatively,  the  inner  structure  sample  was 
substantially  richer  in  these  saturate  compounds. 

3.2.2  Aromatic  (f£)  Fraction 

Examination  of  the  aromatic  or  fo  fractions,  however,  reveals  some 
interesting  differences  between  these  two  samples.  The  outer  crust  is 
essentially  devoid  of  all  aromatic  compounds.  This  is  also  evident  in  the 
sulfur-specific  chromatograms,  which  show  essentially  no  sulfur-containing 
compounds  in  this  fraction.  Examination  of  the  fo  fraction  for  the  inner 
structure  (Figure  15)  reveals  aromatic  profiles  that  are  similar  to  those  of 
oil  samples  that  have  been  weathered  for  a  relatively  short  period  of  time. 
The  inner  structure  has  lost  most  of  the  naphthalenes  and  the  parent  compounds 
of  phenanthrene  and  dibenzothiophene.  The  sample  still  retains  small 
quantities  of  the  C]_  homologs  and  most  of  the  Co  and  C3  homologs  of 
phenanthrene  and  dibenzothiophene.  The  sulfur-specific  chromatogram,  which 
shows  small  quantities  of  the  C^  dibenzothiophenes,  larger  quantities  of  the 
Co  and  C3  dibenzothiophenes,  and  naphthylbenzothiophene,  substantiates  these 
observations. 


3.2.3  Polar  ^3)  Fraction 

Examination  of  the  fg  fractions  in  Figures  14  and  15  reveals  a  small 
unresolved  mixture  characteristic  of  weathering  in  the '  f 3  fraction  of  the 
inner  material.  It  is  interesting  to  note  that  most  of  the  more  polar 
oxidized  aromatic  compounds  were  not  present  in  the  f3  fraction  of  this  mousse 
crust.  In  virtually  all  of  the  mousse  samples  that  we  have  analyzed,  there 
were  only  very  small  quantities  of  polar  compounds  in  the  f3  fraction.  This 
was  somehwat  unexpected,  since  at  the  start  of  the  study  we  had  anticipated 
that  as  the  aromatic  compounds  of  petroleum  became  oxidized  or  otherwise 
degraded  by  the  various  weathering  processes  we  would  notice  an  increase  in 
the  more  polar  substances  in  the  f3  fraction.  Our  preliminary  data  suggest 
that  as  these  compounds  are  oxidized  by  environmental  processes,  they  become 
more  water-soluble  and  are  leached  into  the  environment  rather  than 
accumulating  in  or  remaining  in  the  mousse  samples. 
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Glass  capillary  gas  chromatograms  of  the  saturate 
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elutes  with  approximately  the  same  retention  time  as  2-methyl- 
naphthalene.  The  second  internal  standard,  DTP,  elutes  between 
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3.3  Air/Sea  Interface  Samples 

Figure  16  shows  the  reconstructed  glass-capillary  gas  chromatograms  of 
the  saturate,  aromatic  and  polar  fractions  of  an  air-sea  interface  sheen 
collected  with  a  Teflon  disc  at  RIX  06.  The  fj  and  fo  fractions  appear 
similar  to  those  that  would  be  expected  from  mousse  samples  that  have  been 
weathered.  The  fo  fraction,  however,  shows  a  pronounced  unresolved  mixture 
with  several  resolvable  components  at  very  small  concentrations.  We  think 
that  these  polar  components  are  the  result  of  environmental  weathering  at  the 
air-sea  interface  and  have  not  yet  been  leached  into  the  water  column.  Figure 
17  compares  the  polar  fg  fractions  of  air-sea  interface  samples  taken  at 
control  site  RIX  02  and  at  site  RIX  06.  There  are  numerous  polar  compounds 
that  are  absorbed  onto  the  Teflon  disc  at  both  locations.  These  are 
predominantly  fatty  acids  and  phthalate-type  compounds.  However,  the  sheen 
sample  from  RIX  06  shows  a  prominent  unresolved  mixture  along  with  many  other 
compounds  that  were  not  evident  at  the  control  site.  GC2MS  analysis  of  this 
sample  revealed  the  presence  of  substituted  phenols  and  the  sulfoxides  of 
dibenzothiophenes  as  well  as  other  aromatic  compounds,  fatty  acids,  and 
phthalates.  Some  of  these  compounds  undoubtedly  have  resulted  from 
environmental  weathering  or  environmental  oxidation  of  aromatic  compounds  in 
the  spilled  IXTOC  oil. 

3.4  Whole  Water  Column  Samples 

3.4.1  Neutral  and  Acid  Extracts 

A  large  number  of  whole  water  column  samples  were  analyzed  during  the 
course  of  this  study.  In  addition  to  the  neutral  extraction,  several  water 
column  samples  were  acidified  to  a  pH  of  three  and  then  re-extracted  with 
methylene  chloride.  This  was  an  attempt  to  extract  the  phenols  and  acid-type 
compounds  that  would  represent  the  oxidized  products  of  aromatic  compounds. 

Figure  18  shows  the  neutral  and  acidic  extract  of  a  water  column  sample 
from  control  site  PIX  02.  As  expected,  these  samples  contained  numerous 
compounds  of  biogenic  origin,  such  as  the  fatty  acids,  the  C^  fatty  acid 
being  predominant.  Several  phthalates  also  were  observed  in  these  samples. 

Figures  19  and  20  are  three-dimensional  (3D)  quantitative  plots  that 
display  the  concentrations  in  parts-per-million  (ppm)  of  several  major 
components  in  both  the  neutral  and  the  acid  extracts,  respectively,  of  various 
water  samples.  The  fatty  acids  are  those  of  biogenic  origin  and  the 
phthalates  are  the  dibutyl  and  diethylhexyl .  The  stations  are  plotted 
according  to  distance  from  the  well  site,  with  the  control  stations  at  the  far 
left  and  stations  near  the  well  site  at  the  right  end  of  the  3D  plot.  The 
neutral  extract  contains  elevated  levels  of  diethylhexyl  phthalate  in  roughly 
equal  concentrations  (except  for  PIX  05  and  PIX  10).  These  quantities 
generally  agree  with  those  reported  previously  in  the  literature  (Giam, 
1977).  The  acid  extract  contained  elevated  levels  of  fatty  acids  at  sites  RIX 
05,  PIX  08,  and  PIX  10,  while  the  other  stations  contained  the  same  quantities 
of  fatty  acids  that  were  found  at  the  control  sites  PIX  01  and  RIX  02.  The 
reason  for  these  elevated  levels  is  not  obvious  at  the  present  time. 
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Figure  16, 


Glass  capillary  gas  chromatograms  of  the  saturate,  aromatic 
(FID  and  sulfer-specific  detector),  and  polar  fractions  of  a 
light  sheen  sample  collected  with  a  Teflon  disc  at  station 
RIX  06.  The  first  internal  standard,  MBT,  elutes  with  approxi- 
mately the  same  retention  time  as  2-methyl naphthalene.  The 
second  internal  standard,  DTP,  elutes  between  n-C?z,  and 
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Glass  capillary  gas  chromatograms  of  the  polar  (t~3)  fraction  of 
sheen  samples  collected  by  Teflon  disc  at  control  station 
RIX  02  (upper)  and  station  RIX  06  (lower). 
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3.4.2  Aromatic  Fractions 

Figure  21  shows  a  computer-reconstructed  gas  chromatogram  of  the  aromatic 
fraction  with  the  FID  and  sulfur-specific  traces  of  a  water  sample  at  PIX  05 
and  a  sample  of  fresh  crude  oil  collected  subsurface  by  divers  for  PEMEX 
(personal  communication,  Sra.  Amada  Cortes  Rubio).  The  sulfur-specific  traces 
appeared  to  be  identical  in  the  two  samples  and  showed  the  presence  of  the 
benzothiophenes,  dibenzothiophene,  and  small  quantities  of  napthylbenzo- 
thiophene.  The  FID  trace  showed  differences  in  the  early-eluting  portion  of 
the  runs.  Many  of  the  alkylated  benzene  compounds  are  less  abundant  in  the 
PIX  05  sample.  These  alkylated  benzene  compounds  are  the  more  volatile  (and 
water  soluble)  of  the  aromatics  and  presumably  were  lost  from  the  PIX  05 
sample  by  the  time  of  collection.  Assuming  that  the  well  discharged  the  same 
composition  of  oil,  the  data  show  that  even  in  the  PIX  05  sample  collection 
close  to  the  well  site,  initial  weathering  had  already  changed  the  composition 
of  the  oil. 

Figure  22  shows  comparative  data  between  the  fresh  oil-in-water  sample  at 
PIX  05  (both  the  FID  and  the  sulfur-specific  chromatograms)  and  a  2-m  water 
column  sample  taken  at  PIX  10.  Examination  of  the  data  from  the  sample  taken 
at  PIX  10  indicates  that  quantities  of  the  more  soluble  aromatic  alkylated 
benzenes  and  small  quantities  of  the  alkylated  naphthalenes,  and 
benzothiophenes  were  present  in  the  water  column.  Since  the  high  molecular 
weight  aromatic  compounds  were  absent,  we  believe  that  these  data  indicate  that 
there  was  soluting  of  these  aromatic  compounds  in  the  water  column  sample,  as 
opposed  to  some  type  of  colloidial  oil/water  mixture  apparent  in  other  whole 
water  samples  that  we  have  examined. 

3.4.3  Methylated  Fractions 

Figure  23  shows  the  reconstructed  glass-capillary  chromatograms  of  the 
unfractionated  neutral  and  acidic  extract  of  the  PIX  10  sample.  It  also  shows 
these  sample  extracts  after  methyl ation  by  the  gentle  diazomethane  procedure 
developed  for  the  project.  The  methylated  acidic  extract  was  a  very  heavy  run 
and  contained  numerous  fatty  acids  and  an  unusually  large  number  of  phthalate 
compounds  not  found  in  other  water  column  samples.  The  data  from  this  sample 
will  be  discussed  in  greater  detail  in  another  paper. 

3.5  Sediment  Samples 

Figure  24  shows  the  raw  chromatographic  data  for  our  analysis  of  three 
sediment  samples  collected  off  the  Brownsville,  Texas,  Gulf  coast. 
Examination  of  this  data  indicates  only  very  low  (less  than  1  ppm),  if  any, 
levels  of  petroleum  hydrocarbons  in  these  samples. 

3.6  Microbial  Degradation  (Microcosm)  Experiment 

A  series  of  laboratory  experiments  was  performed  onboard  the  RESEARCHER 
to  determine  the  effects  of  microbial  degradation  on  the  IXTOC  oil.  These 
experiments  are  described  in  detail  in  the  paper  by  Buckley  and  Pfeander  (this 
symposium).   Three  types  of  oil  samples  were  incubated  in  the  dark  for  a 
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period  of  seven  days  over  Gulf  water  collected  at  Station  RIX  09.  The  types 
of  oil  used  for  these  experiments  included  oil  droplets  collected  at  RIX  07 
that  were  similar  in  appearance  to  those  collected  at  PIX  05,  a  relatively 
fresh  mousse  (or  oil  and  water  emulsion  sample)  collected  at  RIX  06,  and  a 
mousse  collected  off  the  beach  at  the  south  end  of  Padre  Island,  Texas. 

The  data  shown  in  Figures  25  through  40  attempt  to  highlight  several 
interesting  comparisons  discovered  during  analysis  of  samples  from  these 
microcosm  experiments.  The  first  comparison,  illustrated  by  the  data  in 
Figures  25  and  26,  considers  the  chemical  composition  of  the  microcosm  oils 
before  and  after  exposure  for  seven  days.  The  second  comparison,  illustrated 
by  the  data  in  Figures  26  and  through  32,  highlights  the  differences  in  the 
water  column  composition  between  the  control  day,  exposed  day  zero,  and 
exposed  day  seven  for  the  three  types  of  microcosm  experiments  (using  fresh 
oil,  fresh  mousse,  and  Texas  beach  mousse).  The  third  comparison,  shown  in 
Figures  33  to  38,  considers  the  differences  in  chemical  composition  between 
the  water  column  extracts  and  the  oil  floating  above  the  water  column  after 
seven  days  of  incubation.  The  final  microcosm  experiment  data  presented  in 
this  report  concern  an  examination  of  the  more  polar  organic  compounds 
produced  by  the  experiment. 

3.6.1  Composition  of  Oil  Samples  Before  and  After  Exposure 

Figure  25  shows  a  comparison  of  the  saturate  (f^)  fractions  of  the  fresh 
oil  collected  at  PIX  05  and  the  fresh  oil  taken  from  the  microcosm  experiment 
after  seven  days  of  incubation.  From  examination  of  these  data  we  can  see 
that  the  saturate  fraction  readily  lost  the  more  volatile  components,  as  would 
be  expected  simply  due  to  evaporative  weathering.  Figure  26  shows  the  FID  and 
sulfur-specific  chromatograms  from  the  aromatic  (f£)  fraction  of  fresh  oil 
taken  at  PIX  05  and  fresh  oil  after  seven  days  of  incubation.  Examination  of 
these  data  shows  that,  as  expected,  the  microcosm  oil  samples  had  lost  the 
lower  molecular  weight  aromatics,  predominantly  the  alkylated  benzenes  and 
naphthalenes.  The  sulfur-specific  chromatogram  showed  that  quantities  of  the 
benzothiophenes  and  the  dibenzothiophenes  were  still  present  at  day  seven  in 
the  weathered  oil.  Comparison  data  between  the  starting  materials  and  the  day 
seven  oils  are  not  available  for  other  types  of  microcosm  oils. 

3.6.2  Composition  of  Water  Columns  Before  and  After  Exposure 

Figures  27-32  show  saturate  (f^)  and  aromatic  (fo)  water  column  data  for 
the  control  day,  day  zero,  and  day  seven  for  the  tnree  types  of  microcosm 
experiments  using  the  different  starting  oil  samples.  These  chromatographic 
data  were  developed  from  the  acid  extracts  of  the  water  column  under  the 
various  types  of  oils  that  were  incubated  for  the  respective  time  periods. 
The  most  dramatic  differences  between  day  zero  and  day  seven  were  observed  for 
the  microcosm  experiment  using  fresh  mousse  (Figures  29  and  30).  Notice  that 
there  are  substantial  unresolved  mixtures  in  the  water  column  on  day  seven, 
for  both  the  saturate  and  aromatic  fractions.  These  observations  are  in 
agreement  with  the  data  given  at  this  symposium  by  Dr.  Pfaender  and  Mr. 
Buckley,  who  observed  increased  microbial  activity  in  the  fresh  mousse 
microcosm  experiment,  compared  with  the  weathered  beach  mousse  and  the  fresh 
wellhead  oil  experiments. 
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Figure  25. 


Comparison  of  the  glass  capillary  gas  chromatographic  data  of 
the  saturate  fractions  of  a  fresh  oil  and  water  sample  col- 
lected at  PIX  05  (upper)  and  the  fresh  microcosm  oil  samples 
after  seven  days  of  incubation  (lower).   The  second  internal 


standard,  DTP,  elutes  between  n-C 


and  n-C^c 
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Comparison  of  the  glass  capillary  gas  chromatographic  data  of 
the  saturate  fraction  from  the  water  column  extract  from  the 
microcosm  control  on  day  seven,  and  the  fresh  wellhead  oil  on 
days  zero  and  seven  of  the  microcosm  experiment.  The  second 
internal  standard,  DTP,  elutes  beteen  n-C„„  and 
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Comparison  of  the  glass  capillary  gas  chromatographic  data  of 
the  aromatic  fraction  from  the  control  and  the  fresh  wellhead 
oil  on  days  zero  and  seven  of  the  microcosm  experiment.  The 
first  internal  standard,  MBT,  elutes  with  approximately  the 
same  retention  time  as  2-methyl naphthalene. 
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periment utilizing  fresh  mousse  from  days  zero  and  seven.  The 
second  internal  standard,  DTP, 
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Comparison  of  the  glass  capillary  gas  chromatographic  data  of 
the  aromatic  fraction  from  the  control  and  the  microcosm 
experiment  using  fresh  mousse  from  days  zero  and  seven.  The 
first  internal  standard,  MBT,  elutes  with  approximately  the 
same  retention  time  as  2-methylnaphthalene. 
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Figure  31. 


Comparison  of  the  glass  capillary  gas  chromatographic  data  of 
the  saturate  fraction  from  the  control  and  the  microcosm 
experiment  using  fresh  Texas  beach  mousse  from  days  zero  and 
seven.  The  second  internal  standard,  DTP,  elutes  between  n-C, 
and  n-C, 
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Comparison  of  the  glass  capillary  gas  chromatographic  data  of 
the  aromatic  fraction  from  the  control  and  the  microcosm 
experiment  using  Texas  beach  mousse  from  days  zero  and  seven. 
The  first  internal  standard,  MBT,  elutes  with  approximately  the 
same  retention  time  as  2-methylnaphthalene. 
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3.6.3  Comparison  of  Oil  Samples  and  Associated  Water  Columns  after  Exposure 

Figures  33-38  show  a  comparison  between  the  saturate  (f-.)  and  aromatic 
(f£)  fractions  of  the  day-seven  microcosm  water  samples  and  tne  saturate  and 
aromatic  fractions  of  the  oil  above  the  water  column  samples  for  the  three 
types  of  oil  used  in  the  experiments.  The  day-seven  oil  samples  did  not 
exhibit  advanced  weathering  characteristics,  but  this  is  not  surprising  since 
concentrations  of  the  oils  used  in  the  microcosm  experiment  were  so  high  that 
weathering  might  not  be  observed.  The  data  in  Figures  35-36  substantiate  the 
earlier  observation  that  the  microcosm  experiment  using  fresh  mousse 
experienced  the  greatest  amount  of  alteration.  An  interesting  point,  however, 
is  that  while  the  mousse  sample  exhibited  an  unresolved  mixture,  the  sulfur- 
specific  chromatogram  showed  the  presence  of  the  benzothiophenes  in  addition 
to  the  dibenzothiophenes.  This  is  not  characteristic  of  weathered  mousse 
samples.  However,  these  compounds  were  not  present  in  the  water  column  from 
this  experiment. 

3.6.4  Polar  Compounds 

Figure  39  shows  the  day-seven  HPLC  fraction  1  and  polar  fractions  1  and  2 
from  the  water  column  extract  of  the  microcosm  experiment  with  fresh  wellhead 
oil.  Examination  of  the  data  in  polar  fraction  2  (equivalent  to  silica  gel 
fraction  f^)  indicates  the  presence  of  a  substantial  unresolved  mixture  as 
well  as  a  number  of  resolvable  polar  compounds.  Figure  40  shows  the  HPLC 
fraction  1  and  polar  fraction  2  (both  free  and  methylated)  for  this  same 
microcosm  experiment.  Examination  of  the  data  for  the  saturate  fraction  (HPLC 
I)  indicated  a  number  of  biogenic  fatty  acids  that  elute  between  the  normal 
hydrocarbons  in  the  methylated  chromatogram.  The  chromatogram  of  the 
methylated  polar  fraction  2  reveals  a  number  of  resolvable  compounds.  GCMS 
analysis  indicated  that  the  largest  peaks  are  oxidized  aromatic  compounds, 
such  as  naphthols  and  substituted  benzoic  acids.  The  mass  spectral  data  for 
this  fraction  will  be  discussed  in  greater  detail  in  the  subsequent  paper. 


4.   SUMMARY 

(1)  Fresh  IXTOC  oil  contained  the  following  aromatic  hydrocarbons: 

•  alkylated  benzenes  (to,  at  least,  the  Cg  homolog) 

•  naphthalene  and  alkylated  napthalenes 

•  alkylated  naphthenoaromatics 

•  alkylated  biphenyls 

•  fluorene  and  alkylated  fluorenes 

•  phenanthrene  and  alkylated  fluorenes 

•  alkylated  members  of  the  pyrene  family 

•  alkylated  members  of  the  chrysene  family 

•  alkylated  members  of  the  benzopyrene  family. 
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Comparison  of  the  glass  capillary  gas  chromatographic  data  of 
the  microcosm  experiment  using  fresh  wellhead  oil.  The  upper 
trace  is  the  data  from  the  saturate  fraction  of  the  water 
column  extract.  The  bottom  trace  is  data  from  the  saturate 
fraction  of  the  microcosm  oil  after  seven  days  of  incubation. 
The  second  internal  standard,  DTP,  elutes  between  n-C0„  and 
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Figure  34, 


Glass  capillary  gas  chromatographic  data  for  the  aromatic 
fraction  of  the  microcosm  experiment  using  fresh  wellhead  oil. 
Upper  trace  shows  data  for  the  aromatic  fraction  of  the  water 
column  extract  day  seven.  Bottom  trace  shows  the  generalized 
FID  and  sulfur-specific  detector  data  for  the  aromatic  fraction 
of  the  microcosm  oil  after  seven  days  of  incubation.  The  first 
internal  standard,  MBT,  elutes  with  approximately  the  same 
retention  time  as  2-methylnaphthalene. 
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Comparison  of  the  glass  capillary  gas  chromatographic  data  of 
the  microcosm  experiment  using  fresh  mousse.  Upper  trace  is 
the  data  from  the  saturate  fraction  of  the  water  column 
extract.  Bottom  trace  is  data  from  the  saturate  fraction  of 
the  microcosm  oil  after  seven  days  of  incubation.   The  second 
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Comparison  of  the  glass  capillary  gas  chromatographic  data  from 
the  microcosm  experiment  using  Texas  beach  mousse.  Upper  trace 
shows  the  saturate  fraction  of  the  water  column  extract  after 
seven  days  of  incubation.  Lower  trace  shows  the  saturate 
fraction  of  the  microcosm  oil  after  seven  days  of  incubation. 
The  first  internal  standard,  MBT,  elutes  with  approximately  the 
same  retention  time  as  2-methyl naphthalene. 
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Glass  capillary  gas  chromatographic  data  from  the  HPLC 
fraction  1  (saturate),  high  pressure  polar  fraction  1 
(aromatic),  and  HPLC  polar  fraction  2  (polar)  from  the  water 
column  extract  of  the  microcosm  experiment  using  fresh  wellhead 
oil  after  seven  days  of  incubation.  The  first  internal 
standard,  MBT,  elutes  with  approximately  the  same  retention 
time  as  2-methyl naphthalene.   The  second  internal  standard, 


DTP,  elutes  between  H"C 


and  n-C^. 


492 


co 
< 

Q 

I 


CM 


O 

H 


21        < 

o<  h- 

—  O  LJ 
Q.  O  X 
I  LY  -I 
^T  U  — I 

—  H  LJ 
OX^ 


LJ     w 


LY 
< 

_l 
O 


lz: 


> 

X 

h- 

r- 

LJ 

X 

>- 

< 

1 

0 
1 

C\l 

— 

0 

— 

|H 

* 

OO 

x 

< 

CO 

Q  LY 

0 

<  L_ 

»— 

0 

LJ 

LY 

0 

XLY 

CL  ly 

_l  < 

^r 

u 

_J  _l 

~- 

H 

LJ  O 

u 


LY 


3SN0dS3a  y3aao33a 


3SN0dS3a  y3aaoo3y 


® 

CO    ^.S) 

CNJ     T  CD 


CD      I    <S 


CD 
CM 


*X_ 


CO 

>- 
< 

Q 
l> 


-  _jO 

*  hh 

o 

2:  u 

CO  o< 

O  <LY 

—  O  LJLu 
(-  O  X 
LJ  LY  JU 

—  H  ULY 
O  21  3X 


Q 

U 

1— 

< 

_! 

> 

I 

i> 

h- 

LJ 

>- 

X 

< 

0 

1 

CM 


'\ 


h-      M\ 


H 


-  JO 

2:      o 

CO  Q< 

O  <LY 

—  O  LJLl. 
Q_  O  X 
>  LY  JU 

^r  u  _j_j 

—  H  ULY 
O  X  12  X 


Ld 

en 


«N. 


00 


CD 


_d 


3SN0dS3a  «3aao33a 


3SN0dS3d  d3ad033d 


(D 


(S 
00 


(M 


I     CD  -o 

r—    XT     CD 

f—  p  p 


a» 

5  4- 

o 
w  03 

I-    03 

4-  -a 


u 

ai 

••"5 

-Q 

3 


C 

aj 

o>  cd  cd 
c  x:  xi 

r-    P 

</>   .a 

3    ?    > 

O    03 

-C  x: 
to 

to 
to  ai 

<D  r- 

03 
S- 
+J 


P 

c 
a) 


D. 

at 


03 
to 


E 
to 
O 
U 

o 

i- 
u 


d) 


55 
§^ 

CD 

p 

•  4- 

c\J    n3 


c 
o 


03 

P 
03 


^  u 

E  £    CD 

o  <T  x: 

i-  ^  p 

*3  *    8 


■35. 

03  •"* 


10 


I 

•r-  Q- 
X  h- 

o  a 

j- 
o.    « 

Q.-0 

03    03 

S- 

x:  -a 
p  c 

•r-     fT3 

5  P 
in 
1/) 

CD  r— 
P  03 
3     C 

<—    S- 

OJ    CD 

P 

*   C 

I—    T- 

CO 

2:  -a 
c 
-  o 
"O  u 
S-  CD 
03  10 
T3 

C  CD 
03  -C 
P  I— 
to 


03  CD 

C  C 

S-  CD 

CD  1— 

P  03 

C  SZ 

'<-  P 

x: 

p  a. 

to  03 

s-  c 

«p  >> 

x: 

CD  P 


P  ,rT 

is 

u 
2  1 

D5-1- 


tO  I— 
CD 

u 

03  • 

J-  CD 

P  C 
03 

j-  x: 

CD  p 


CD 


5 

O 


c 
o 

p 
u 

03 


03 


CD 
E 
O 
N 


XZ 
P 


c 
o 


•r-    o 
Q. 

03  1— 
U  ■!- 
O 
to 

to  U 
03    03 

r—     CD 

CD   -C 


o 

CD 

J- 

3 
en 


■0  ■>- 

CD  P 

+J>  03 

™> 

4_>  <D 

CD  E 

E 

c  o 

Z>  P 


I 

CM 

to 

03 

CD  IS) 

E  CNJ 

•r-  C_) 

P  I 

C| 

c 

o  *a 

•r-  C 

P  03 

C 

CD  ^i- 

P  CNJ 

CD  O 

J-  I 

c| 

CD 

E  C 

03  CD 

tO  CD 

CD  P 

x:  qj 

P  X5 

>>  m 

r—  CD 

CD  P 

P  3 

03  1— 

E  CD 


cs 


493 


(2)  The  oil  contained  the  following  families  of  sulfur-containing  aromatic 
hydrocarbons: 

•  benzothiophene  and  its  alkylated  homologs 

•  dibenzothiophene  and  its  alkylated  homologs 

•  naphthalylbenzothiophene  and  its  alkylated  homologs 

(3)  The  oil  contained  the  following  families  of  nitrogen-containing  aromatic 
compounds: 

•  alkylated  qui  no lines 

•  alkylated  carbazoles 

•  alkylated  phenanthridine 

•  others 

(4)  No  oxygen-containing  aromatic  compounds  were  observed  in  the  IXTOC  oil. 

(5)  Mousse  samples  appeared  to  be  generally  devoid  of  oxidized  aromatic 
hydrocarbons. 

(6)  Air-water  interface  samples  contained  elevated  levels  of  polar  oxygenated 
products. 

(7)  Water  column  samples  contained  large  quantities  of  fatty  acids  and 
phthalates  and  low  concentrations  of  IXTOC  hydrocarbons. 

(8)  Microcosm  samples  contained  oxidized  hydrocarbons  of  microbial  origin. 
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1.   INTRODUCTION 


A  chemical  oceanography  cruise  to  the  area  of  the  IXTOC-I  blowout  in  the 
Gulf  of  Mexico  allowed  us  to  sample  on  a  not-to-interfere  basis  at  times  and 
locations  that  were  convenient  to  the  chemical  studies.  We  intended  to  use 
quantitative  acoustic  methods  to  observe,  as  volume  scattering  strength,  the 
distribution  and  abundance  of  zooplankton  in  relation  to  the  oil.  Samples  were 
to  be  taken  with  nets  to  identify  probable  target  animals  to  enhance  the  inter- 
pretation of  the  acoustic  observations. 

2.     METHODS 


Acoustic  observations  and  net  catches  were  made  in  the  Bay  of  Campeche, 
Gulf  of  Mexico,  aboard  the  G.  W.  PIERCE  from  14  to  22  September  1979.  The 
acoustic  records  and  net  catches  were  returned  for  analysis  to  the  Department 
of  Oceanography,  University  of  Washington. 

2.1     Field  Methods 

Eleven  acoustic  observations  were  made  at  10  stations  (Table  1),  using  a 
Ross  Laboratories  200A  Fineline  echosounder  operating  at  a  frequency  of  105 
kHz.  The  pulse  length  was  0.4  msec  with  a  repetition  rate  of  2  per  second.  On 
station,  a  10°  transducer  was  lowered  just  below  the  water  surface.  At  some 
stations,  oil  accumulated  on  the  transducer  face,  requiring  frequent  removal 
for  cleaning. 

Paper  chart  recordings,  or  echograms,  of  the  incoming  signals  were  made 
continuously  on  station  for  immediate  examination.  The  detected  output  cf  the 
acoustic  system  returning  from  the  water  column  was  heterodyned  to  produce  a 
modulated  output  amplitude  of  5  kHz,  which  was  directed  to  an  analog  recorder 
for  later  digitization  and  analysis. 

The  receiver  sensitivity,  including  the  transducer,  was  -88  db/re  1  mv, 
and  the  source  level  was  228.3  db/re  1  n  pascal.  The  transducer  had  a  beam 
half-angle  of  3°  at  the  -3  db,   or  half  power,   point. 

Twenty-four  net  samples  were  taken  at  9  stations  near  noon  or  midnight 
(Table  1).  A  0.75  m  ring  net  and  aim  Tucker  trawl  (Tucker,  1951)  were  used. 
The  mesh  for  both  nets  was  571/lx  m;  the  open  area  ratio  of  mesh  to  mouth  was  8:1 
for  the  ring  net  and  4:1  for  the  Tucker  trawl. 

The  ring  net  was  towed  vertically  from  near  the  bottom  to  the  surface. 
The  Tucker  trawl  was  used  in  double-oblique  tows  reaching  near  the  bottom.  A 
flow  meter  was  mounted  on  the  top  trawl  bar  to  measure  the  volume  of  water  fil- 
tered. Only  two  samples  were  taken  before  the  trawl  was  lost  from  a  defective 
wire  on  the  winch. 

The  net  catches  were  collected  ^ong  the  edge  of  the  oil  plume,  rather 
than    directly    under    the    oil,     in    an    attempt    to    keep    the    nets    as    clean    as 
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Table  1.  Acoustic  and  0.75  m  ring  net  observations  and  estimates  of  the 
relative  odor  of  oil  and  the  visible  presence  of  oil  on  the  surface 
during  day  and  night  in  the  Gulf  of  Mexico,  14  to  22  September  1979. 


STATION  OBSERVATION       OIL  NORTH      WEST      DEPTH 

NUMBER     TIME   NET  ACOUSTIC   ODOR  SURFACE   LATITUDE   LONGITUDE    (m) 


PIX-01 

Night 

X 

X 

PIX-02 

Night 

X 

X 

PIX-07 

Night 

X 

PIX-08 

Day 

X 

X 

PIX-09 

Night 

X 

X 

PIX-11 

Day 

X 

PIX-12 

Day 

X 

X 

PIX-13 

Day 

X 

PIX-14 

Night 

X 

X 

Day 

X 

X 

PIX-15 

Night 

X 

Day 

X 

X 

PIX-16 

Day 

X 

X 

0 


0 


0 


0 


0 


0 


0 


0 


0.5 


0.5 


21°41.0'   90°25.0' 
19°48.8'   91°21.7' 


19°23.8'   92°11.2' 


19°27.7'  92°04.5' 
19°24.7'  92°13.r 
19°27.5'   92°08.0' 


19°32.3 


92°04.0' 


0 


0 


19°13.0'   91°56.0' 
19°33.9'   91°51.0' 


19°32.7'   91°49.4' 


19°31.6'   92°04.9 


19°29.6'   92°03.2' 
19°15.6'   95°12.2' 


32 
29 
45 
35 
48 
40 
56 
52 
49 
49 
48 
50 
1830 
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possible.  When  tarballs  and  patches  of  mousse  did  make  contact  with  the  net, 
it  was  soaked  in  a  degreasing  detergent,  scrubbed,  and  washed  down  with  clean 
water. 

The  samples  were  preserved  with  10%  buffered  formalin. 

2.2  Laboratory  Methods 

The  computer  system  for  acoustic  processing  consisted  of  a  data  collecting 
subsystem  and  a  numerical  analysis  subsystem.  The  collected  subsystem  treated 
the  analog  data  by  converting  the  5  kHz  amplitude  modulated  signal  from  the 
sounder  to  an  envelope,  using  a  precision  envelope  detector.  The  envelope 
detector  was  adjusted  to  give  1  v  DC  output  for  a  1  v  peak-to-peak  5  kHz  input. 
The  envelope-detected  signal  was  digitized  at  a  10  kHz  rate  to  produce  a 
measurement  of  the  returning  echo  eyery  0.75  m,  assuming  a  sound  velocity  of 
1500  m/sec.  The  procedure  was  repeated  on  the  signal  to  the  bottom  or  to 
200  m.  The  measurements  were  then  sent  to  the  analysis  subsystem  for  computa- 
tion of  volume  scattering  strength  at  depth  intervals  of  interest.  The  collec- 
tion subsystems  then  digitized  a  new  signal  and  waited  until  the  numerical 
analysis  was  completed  for  the  previous  signal  before  sending  new  data. 

The  analysis  subsystem  converted  the  measured  voltage  levels  to  volume 
scattering  strengths  by  means  of  the  equation: 

RL  =  SL  -  20  log  r  -  2a  r  +  TS  +  10  log(cr/2)  -  DI 

rearranging  terms; 

TS  =  RL  -  SL  +  20  log  r  +  2a  r  -  10  log(cr/2)  +  DI 

where  the  parameters  are:  TS  =  volume  scattering  strength  (db/m3);  RL  =  rever- 
beration level;  SL  =  source  level;  r  =  range  (m);  a  =  attenuation  of  sound; 
c  =  sound  velocity;  r  =  pulse  length  (seconds);  DI  =  directivity  index. 

The  acoustic  analysis  examined  profiles  of  volume  scattering  strength 
through  the  entire  water  column  and  in  a  layer  between  10  and  15  m.  Seven 
0.75  m  depth  increments  in  the  layer  were  measured  for  two  pulses  to  compute  a 
mean  and  95%  confidence  interval  estimates  for  each  station. 

Descriptions  of  surface  oil  and  the  odor  of  oil  were  used  to  estimate 
rough  concentrations  at  the  stations.  A  scaled  value  of  2  indicates  a  strong 
concentration,  and  0  indicates  no  observed  concentration  (Table  1).  The  esti- 
mates of  concentrations  were  used  in  a  multiple  regression  analysis  of  volume 
scattering  strength  on  oil  odor,  surface  oil,  and  distance  from  the  well. 

The  net  catches  either  were  counted  entirely  or  were  subsampled.  An 
entire  catch  was  counted  if  there  appeared  to  be  fewer  than  100  animals  in  the 
most  abundant  taxonomic  category.  Larger  catches  were  divided  with  a  Fol som 
plankton  splitter  (McEwen  et  al.,  1954)  to  provide  an  aliquot  portion  with 
about  100  of  the  most  abundant  animals.  The  copepods  were  identified  from  one 
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sample  at  each  station;  other  organisms  were  identified  from  all  samples 
Animals  longer  than  5  mm  were  measured. 

3.  RESULTS 


The  quantitative  acoustic  methods  provided  measurements  of  volume  scat- 
tering strength  at  several  stations.  The  net  catches  provided  identifications 
and  indications  of  abundance  of  planktonic  animals  in  the  water  column. 

3.1  Volume  Scattering  Strength 

The  echograms  at  all  stations  showed  concentrations  of  targets,  or  scat- 
tering layers,  at  intermediate  depths  between  the  surface  and  bottom  (Fig- 
ure 1).  There  was  almost  always  a  layer  between  10  and  20  m,  but  it  varied 
over  time  at  a  station.  The  profiles  of  volume  scattering  strength  reveal 
large  differences  among  stations  (Figure  2).  The  profile  at  night  at  station 
14  did  not  differ  greatly  from  the  profile  during  the  day,  so  the  night  obser- 
vation was  not  considered  further. 

The  mean  volume  scattering  strength  of  duplicate  pulses  quantified  in  the 
layer  from  10  to  15  m  differs  among  stations  (Figure  3).  Stations  8,  15,  and 
16  appear  distinctly  different  from  the  other  stations.  Station  16,  which  was 
significantly  different  statistically  from  stations  8  and  15,  was  far  removed 
from  all  other  stations  and  positioned  over  relatively  \/ery   deep  water. 

Frequently,  distributions  of  volume  scattering  strengths  also  differed 
among  stations  (Figure  4).  The  upstream  stations  1  and  2  were  intended  to 
serve  as  controls.  Stations  11,  12,  13,  and  14  appeared  much  like  the  con- 
trols; stations  8,  9,  15,  and  16  differed  from  the  controls.  Stations  8  and  15 
were  close  together  and  at  both  stations  the  oil  fumes  were  so  concentrated 
that  masks  were  required  while  sampling.  Station  9  was  near  the  well  and  had  a 
moderate  oil  odor  and  heavy  surface  oil. 

The  multiple  regression  analysis  identified  the  oil  fumes  as  the  statisti- 
cally significant  variable  associated  with  a  change  in  volume  scattering 
strength  (Table  2).  The  surface  oil  was  associated  with  a  small  effect;  the 
distance  from  the  well  was  relatively  unimportant. 

3.2  Planktonic  Animals 

A  wide  variety  of  planktonic  animals  appeared  in  the  net  catches  (Appen- 
dix I).  The  abundance  of  organisms  in  the  vertical  ring  net  catches  was  tabu- 
lated (Appendix  II).  At  most  stations  and  times,  the  copepods  and  chaetognaths 
were  dominant  numerically  and  by  percentage  (Tables  3  and  4). 

At  station  8,  the  animals  were  covered  with  oil.  There  was  some  oil  on 
the  organisms  at  station  9.  There  were  some  small  tarballs  in  the  net  catches 
at  stations  12,  14,  and  15,  but  very  little  oil  on  the  animals.  There  was  one 
small  tarball  in  the  net  catch  at  station  16. 
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Figure  3.  Mean  volume  scattering  strength  and  95%  confidence 
interval  estimates  at  stations  in  the  Gulf  of  Mex- 
ico, 14  to  22  September  1979. 
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Table  2.  Multiple  regression  coefficients  relating  volume 
scattering  strength  to  the  independent  variables 
of  oil  odor,  surface  oil,  and  distance  from  the 
wel  1 . 


Variable  Coefficient 

Oil  odor  -8.00 

Surface  oil  0.23 

Distance  -0.03 
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No  striking  diel  differences  in  net  catches  were  observed.  Neither  pat- 
terns of  occurrence  of  animals  nor  length-frequencies  of  animals  appeared  to 
correlate  with  or  help  explain  the  acoustic  results. 


4.   DISCUSSION 


The  quantitative  acoustic  observations  indicate  relationship  between  dis- 
tributions of  volume  scattering  strength  and  oil  from  the  IXTOC-I  blowout.  The 
surface  oil  appeared  to  have  little  effect,  while  the  presence  of  a  strong  oil 
odor  was  associated  with  marked  changes  in  the  quantity  and  quality  of  volume 
scattering  strength. 

Two  adjacent  stations,  8  and  15,  had  strong  oil  fume  odors  and  were  simi- 
lar in  the  intensity  and  range  of  volume  scattering  strength.  Stations  8  and 
15  had  reduced  scattering  in  the  -75  to  -60  db  range  that  characterized  the  two 
control  stations  and  the  five  other  stations  at  similar  shallow  depths.  Sta- 
tions 8  and  15  also  had  increased  scattering  in  the  -90  to  -75  db  range.  One 
conclusion  is  that  some  component  of  the  oil  was  associated  with  a  reduction  in 
abundance  of  a  type  of  animal  normally  present  in  that  area  of  the  Gulf  of 
Mexico.  Another  conclusion  is  that  some  sound  scattering  targets,  possibly  oil 
droplets  or  small  tarballs,  were  present  in  the  water  columns  at  stations  8  and 
15,  and  perhaps  at  station  9  near  the  well. 

The  echograms  at  105  kHz  were  not  sufficient  to  distinguish  between  sta- 
tions, as  the  paper  charted  record  showed  a  sound  scattering  layer  at  each  sta- 
tion. The  quantitative  acoustic  methods  were  necessary  to  document  differences 
in  volume  scattering  strength  among  stations. 

The  sizes  of  planktonic  animals  caught  with  the  ring  net  did  not  appear  to 
be  correlated  with  the  acoustic  observations.  The  acoustic  target  animals 
recorded  at  105  kHz  probably  were  larger  and  more  active  and  should  have  been 
sought  with  the  1  m  Tucker  trawl  or  an  even  larger  net.  Those  organisms  would 
be  of  a  size  capable  of  moving  moderate  distances  to  avoid  undesirable  products 
in  the  water  col umn. 

This  study  was  limited  in  several  ways.  The  cruise  track  did  not  provide 
replicate  samples  in  areas  affected  by  several  levels  of  concentrations  of  oil. 
Without  a  towed  or  hull -mounted  transducer,  we  could  not  make  acoustic  observa- 
tions underway  and  were  limited  to  observations  on  station.  Multiple  frequen- 
cies might  have  allowed  better  acoustic  identification  and  partitioning  of  oil 
products  in  the  water  column.  Large  multiple  opening-closing  nets  would  have 
allowed  partitioning  target  animals  in  the  water  column  and  correlating  animals 
with  the  observed  changes  in  volume  scattering  strength.  Realtime  acoustic 
analyses  would  enhance  sampling  design  by  suggesting  where  to  sample  most 
effectively  with  nets  to  document  differences  in  the  distribution  and  abundance 
of  animals  in  the  water  column.  Further,  acoustic  observations  of  differences 
in  volume  scattering  strength  could  be  effectively  used  to  select  locations  and 
depths  where  samples  should  be  taken  for  chemical  determinations. 
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Our  results  obtained  on  the  cruise,  even  using  hastily  assembled  and  mar- 
ginally adequate  borrowed  equipment,  demonstrated  that  some  aspects  of  the 
extent  of  areas  affected  by  oil  spills  can  easily  be  determined  by  quantitative 
acoustic  methods.  More  detailed  descriptions  could  be  obtained  by  observing 
continuously  with  multiple  acoustic  frequencies  and  by  access  to  more  sophisti- 
cated acoustic  processing  systems.  The  identity  and  population  characteristics 
of  affected  organisms  can  certainly  be  determined  with  adequate  nets.  While 
some  work  needs  to  be  done  to  learn  how  best  to  conduct  acoustic  and  net 
studies  related  to  oil,  a  vastly  improved  program  could  be  carried  out  when  the 
next  oil  spill  occurs. 
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Appendix  I.  Animals  collected  in  the  Gulf  of  Mexico,  14  to  22  September  1979 

PROTOZOA 

Foraminifera 
Radiol  aria 

CNIDERIA 

Hydrozoa 

Medusae 
Siphonophora 
Anthozoa 

ANNELIDA 

Polychaeta 

MOLLUSCA 

Gastropoda 

Mesogastropoda 

Pterotracheid  heteropods 
Atlantid  heteropods 
Thecosomata 

Creseis  spp. 
Carolinia  spp. 
Diacria  sp. 
Hyalocyclix  sp. 
Gymnosomata 
Pelecypoda 
Cephalopoda 

ARTHROPODA 

Crustacea 

Cladocera 

Penilia  spp. 
Ostracoda 
Copepoda 

Calanoida 

Nannocalanus  minor  (Claus) 

Undinula  vulgaris  (Dana) 

Eucalanus  monachu"s  (Giesbrecht) 

Eucalanus  mucronatus  (Giesbrecht) 

Rhincal alius  cornutus  (Dana) 

Euchaeta  marina  (Prestandrea) 

Scolecithrix  danae  (Lubbock) 

Temora  stylffera  (Dana) 

Centropages  violaceus  (Claus) 

Centrojjages  sp. 

Haloptilus  paralongicirrus  Park 
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Appendix  I.   (Continued) 


Candacia  curta  (Dana) 
Candacia"  pachydactyla  (Dana) 
Paracandacia  simplex  "(Giesbrecht) 
Candacia  spp. 
Pontella"  meadii  Wheeler 
P  on  tell  a"  mimocerami  Fleminger 
Labidocera  acutifrons  (Dana) 
Labidocera  nerii  (Krftyer) 
Labidocera  scotti  Giesbrecht 
PontellopTis  vilTosa  Brady 
Pontellidae  spp. 
Acartia  sp. 
Harpacticoida 
Cyclopoida 

Sapphirina  stellata  Giesbrecht 
Sapphiri"na  spp. 
Copil ia  mirabilis  Dana 
Corycaeus  speciosus  Dana 
Corycaeus  sp. 

Cirripedia 

Stomatopoda 

Mysidacea 

Cumacea 

Tanaidacea 

Isopoda 

Amphipoda 

Hy peri  idea 
Gammaridea 
Caprell idea 

Euphausiacea 

Decapoda 

Penaeidea 

Solenocera  sp. 
Penaeus  spp. 
Sicyonia  spp. 
Acetes  sp. 

Lucifer  faxoni  Bourradaile 
Lucifer  typus  Milne  Edwards 
Caridea 

Processa  sp. 

Leptochela  spp. 

Lysmata  sp. 

Palaemoninae 

Alpheidae 

Scyl laridea 

Thalassinidea  (Callianassa  spp.) 
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Appendix  I.   (Continued) 


Anomura 

Galatheidae 

Porcellanidae 

Paguridae 

Album' dae 
Brachyura 

Dorippidae 

Leucosiidae 

Rani ni dae 

Portunidae 

Portunus  ordwayi  (Stimpson) 

Pinnotheridae  " 


BRACHIOPODA 
ECHINODERMATA 
CHAETOGNATHA 
CHORDATA 


Larvacea 
Thai iacea 
Teleostei 

Elopidae 

Opichthus  gomesi  (Costelnau) 

SardinelTa  anchovia  Valenciennes 

Anchoa  hepsetus  (Linnaeus) 

Synodus  sp. 

Bregmaceros  atlanticus  Goode  and  Bean 

Cypselurus  "sp. 

Holocentridae 

Pseudopriacanthus  altus  (Gill) 

Caranx  sp. 

Coryphaena  hippurus  Linnaeus 

Pomadasyidae 

Span*  dae 

Scianidae 

Sphyraena  sp. 

GobionelTus  sp. 

Auxis  thazard  (Lacepede) 

Euthynnus  alletteratus  (Rafinesque) 

Thunnus  sp. 

Scorpaena  sp. 

Bothus  ocellatus  (Agassiz) 

Etropus  crossotus  Gordon  and  Gilbert 

Syacium  sp. 

Sol ei dae 

Symphurus  sp. 

Acanthostracion  quadricornis  (Linnaeus) 
Sphoeroides  sp. 
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ACOUSTIC  OBSERVATIONS  OF  SUBSURFACE  SCATTERING  DURING  A  CRUISE 
AT  THE  IXTOC-I  BLOWOUT  IN  THE  BAY  OF  CAMPECHE,  GULF  OF  MEXICO 


Donald  J.  Walter  and  John  R.  Proni 
Atlantic  Oceanographic  and  Meteorological  Laboratories 
National  Oceanic  and  Atmospheric  Administration 
15  Rickenbacker  Causeway 
Miami,  Florida  33149 
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ABSTRACT 


In  September  1979  the  Ocean  Acoustics  Group  of  NOAA's  Atlantic  Oceano- 
graphic  and  Meteorological  Laboratories  (AOML)  participated  in  a  study  of  the 
subsurface  oil  plume  created  by  the  blowout  of  the  IXTOC-I  oil  platform.  Pre- 
liminary data  from  this  study  suggest  that:  (1)  high-frequency  sound  (20  kHz 
and  200  kHz)  can  detect  subsurface  oil;  (2)  assuming  that  the  subsurface 
acoustical  reflectors  are  of  oil  origin,  a  substantial  quantity  of  oil  is  pre- 
sent at  various  depths  within  the  water  column;  (3)  after  the  passage  of 
Tropical  Storm  Henri,  most  of  the  oil  resided  within  the  top  20  m  or  so  of  the 
water  column;  (4)  density  stratification  within  the  water  column  that  existed 
prior  to  the  passage  of  Tropical  Storm  Henri  had  significant  influence  upon  the 
subsurface  distribution  of  the  oil;  (5)  at  least  some  of  the  oil  exists  in  a 
physical  state  such  that  it  is  subject  to  certain  oceanic  dispersal  processes 
that  appear  to  be  similar  to  that  of  dilute,  small  particulate  concentrations 
observed  elsewhere. 
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1.  INTRODUCTION 

In  September  1979  the  NOAA  Ship  R/V  RESEARCHER  and  the  contract  vessel  R/V 
PIERCE  (Tracor  Marine)  undertook  a  study  in  the  vicinity  of  the  IXTOC-I  blowout 
to  determine  the  fate  and  effects  of  oil  spilled  in  the  Bay  of  Campeche  and  the 
Gulf  of  Mexico  (see  Figures  1  and  2).  Mul tidiscipl inary  studies  would  be  con- 
ducted that  would  pay  special  attention  to  chemical  and  biological  fates  of  the 
spilled  oil   and  its  subsequent  interaction  with  the  marine  environment. 

The  AOML  Acoustics  Group  was  given  a  twofold  task  during  the  study. 
First,  the  group  would  employ  high-frequency  acoustics  to  attempt  detection  and 
tracking  of  subsurface  oil-related  materials;  second,  it  would  coordinate  the 
activities  of  the  scientists  on  board  the  RESEARCHER  and  the  PIERCE.  The  R/V 
PIERCE,  on  which  the  acoustics  were  employed,  was  to  serve  as  the  major  samp- 
ling platform  in  oil -bound  waters,   especially  within  the  oil    plume  itself. 

2.  HISTORY 

One  of  the  most  difficult  measurements  to  be  taken  during  oil  spills  or 
blowouts  is  the  subsurface  concentration  of  the  oil.  The  IXTOC-I  exploratory 
well  blowout  provided  an  opportunity  to  determine  whether  or  not  high-frequency 
sound  could  be  used  to  map  the  subsurface  distribution  of  the  oil.  The  AOML 
Ocean  Acoustics  Group  has  been  using  high-frequency  sound  for  a  number  of  years 
(Proni  et  al . ,  1976;  Newman  et  al . ,  1977)  to  detect  and  determine  the  subsur- 
face concentration  field  of  materials  such  as  sewage  sludge,  pharmaceutical 
wastes,  and  dredge  material  dumped  or  placed  into  the  oceanic  water  column. 

Prior  to  this  experiment  it  was  not  known  whether  or  not  high-frequency 
sound  could  be  used  to  detect  oil  with  oil  in  the  physical  form  or  state  that 
it  would  assume  within  the  water  column.  Evidence  as  to  the  physical  form  that 
the  oil  would  assume  when  released  directly  from  the  ocean  bottom  into  the 
water  column  under  high  pressure  is  sparse.  Further,  evidence  as  to  the  evolu- 
tion of  the  physical  form  of  the  oil  as  it  is  dispersed  in  time  and  space 
within  the  water  column  is  also  extremely  sparse. 

Within  the  oil  industry,  sound  in  the  low-frequency  range  up  to  two  or 
three  kHz  has  been  used  to  detect  suboceanic  oil  deposits.  These  deposits  are 
detectable  because  of  the  acoustic  impedance  change  caused  by  the  reflecting 
liquid  oil.  It  has  also  been  possible  to  detect  gas  and  oil  seeps  using  12-kHz 
sound  (Geyer  and  Sweet,  1974).  Nevertheless,  it  is  not  clear  that  the  escaping 
oil  would  be  in  or  evolve  into  a  physical  state  that  could  reflect  sound  and 
hence  could  be  detectable. 

During  the  summer  of  1979  it  was  reported  that  large  patches  of  oil  origi- 
nating from  the  IXTOC-I  well  site  were  approaching  the  coastline  of  southern 
Texas.  Initial  environmental  concern  was  focused  on  these  floating  patches  and 
their  possible  effect  on  resort  and  fishing  areas  within  the  region.  However, 
subsequent  to  the  spill  and  cleanup  efforts,  on  numerous  occasions  off  the 
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Figure  1.  Map  of  IXTOC  study  area. 
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Figure  2.      Enlarged  map  with   PIERCE   stations,   XBT  locations  and   plume 
limits  as  determined   by  helicopter  overflight   9-19-80. 
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Texas  coast,  divers  reported  observations  of  tar  balls  suspended  in  the  water 
column,  generally  at  a  depth  of  about  12  m  (OSIR,  1980). 

At  the  time  few  means,  if  any,  were  available  for  detecting  the  presence 
of  subsurface  tar  balls.  Obtaining  a  representative  sample  of  these  tar  balls 
would  be  very  difficult  indeed  using  standard  sampling  apparatus  for  discrete 
point  sampl  ing. 

The  Coast  Guard  was  successful  in  trapping  some  submerged  tar  balls  in  a 
heavy  nylon  net,  which  was  deployed  beneath  an  oil  boom  installed  in  the  Port 
Mansfield  Cut.  It  is  not  known  whether  any  attempt  was  made  by  the  Coast  Guard 
or  other  authorities  to  determine  if  the  material  captured  by  this  net  was 
indeed  transported  from  the  IXTOC  well  area. 

3.  PHYSICAL  SETTING 


The  R/V  PIERCE  arrived  at  the  study  area  at  about  the  time  that  rough  seas 
were  developing  due  to  Tropical  Storm  Henri.  In  fact,  sampling  operations  were 
conducted  for  only  one  day  after  arrival  at  the  well  site.  The  captain  of  R/V 
PIERCE  reported  5-7  m  seas. 

Nevertheless,  well  defined  stratification  was  present  in  the  water  column 
at  the  time  of  arrival  of  the  R/V  PIERCE.  A  typical  shallow  water  temperature 
structure  is  clearly  present  in  XBT  #8  (Figure  3),  to  a  depth  of  about  9  m,  at 
which  point  the  onset  of  a  strong  thermocline  begins.  The  upper  area  of  this 
thermocline  (density  interface)  commonly  serves  as  an  area  of  accumulation  for 
particulates  and  a  variety  of  organisms.  It  is  therefore  likely  that  if  tar 
balls  were  in  fact  suspended  in  the  water  column  they  would  be  suspended  on  an 
interface  such  as  this.  After  the  passage  of  Henri,  the  water  column  was  com- 
pletely mixed,  as  can  be  seen  from  XBT  #11,  Figure  3. 

4.   METHODS 


Two  acoustic  frequencies  (20  and  200  kHz)  were  to  be  used  during  this 
experiment;  however,  due  to  problems  encountered  with  the  200-kHz  tow  body, 
only  data  obtained  with  the  20-kHz  system  will  be  discussed  at  this  time. 

The  20-kHz  system  transmitted  a  1-KW,  1-ms-long  acoustic  pulse  from  a 
transducer  with  a  beam  width  of  12°xl8°,  installed  in  a  hydrodynamically 
designed  tow  body.  The  teardrop-shaped  tow  body  is  designed  to  be  towed  out- 
board of  the  ship  at  a  depth  of  about  2  m.  This  system  was  successfully  used 
in  previous  studies  of  pollution  problems,  such  as  ocean  dumping  of  sewage 
sludge,  dredge  spoil,  and  pharmaceutical  wastes,  and  also  was  used  for  detect- 
ing the  presence  of  strong  density  interfaces  in  the  water  column.  It  was  felt 
that  if  the  tow  body  were  employed  for  this  study  it  would  be  a  possible  means 
of  detecting  and  tracking  subsurface  oil  and/or  tar  balls,  if  in  fact  they  were 
originating  from  the  IXTOC  well  site. 
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The  tar  balls  would  become  heavier  than  the  surrounding  water  and  sink 
until  they  encountered  an  interface  strong  enough  to  inhibit  penetration.  The 
probability  of  this  penetration  would,  of  course,  depend  on  the  physical  char- 
acteristics of  the  tar  balls.  The  interfaces  are  generally  considered  to  be 
common  regions  from  which  acoustic  reflections  occur,  especially  when  particu- 
late matter  is  suspended  upon  the  interface. 

5.  DISCUSSION 


Figure  4  is  a  photo  of  acoustic  data  obtained  approximately  5  NM  from  the 
blowout.  Attention  is  drawn  to  the  presence  of  two  distinct  layers  of  acousti- 
cal reflectors,  one  in  the  10  to  15  m  depth  range  and  the  other  in  the  20  to 
25  m  depth  range.  Layers  such  as  these  are  typical  in  stratified  bodies  of 
water  and  have  been  associated  with  dispersion  characteristics  of  wastes  dis- 
posed of  in  the  marine  environment  (Proni  et  al.,  1976). 

Temperature  stratification  such  as  that  shown  in  Figure  3  (XBT  #8)  is  gen- 
erally considered  to  have  a  significant  influence  on  the  vertical  distribution 
of  acoustical  scatterers  associated  with  these  events.  In  a  typical  ocean 
dumping  scheme,  scatterers  precipitate  until  they  encounter  a  density  interface 
strong  enough  to  inhibit  any  further  sinking.  They  then  remain  buoyed  on  this 
interface  until  events  occur  which  will  either  allow  them  to  be  propelled 
through  it  or  mix  with  the  remainder  of  the  surrounding  water.  They  are  then 
influenced  by  typical  oceanic  dispersal  processes  that  occur  in  local  waters. 

Both  of  the  layers  in  Figure  4,  one  from  10  to  15  m  and  the  other  from  20 
to  25  m,  are  detected  quite  easily  by  the  acoustical  system.  The  shallower 
layer  detected  between  10  and  15  m  seems  to  be  intermittent  in  its  appearance 
in  that  it  is  detectable  only  for  short  periods  of  time.  The  deeper  layer, 
however,  was  detected  at  this  time  and  persisted,  although  at  a  different 
depth,  for  several  hours  afterward. 

It  can  be  seen  in  the  photograph  in  Figure  5,  taken  after  passage  of  the 
storm,  that  no  subsurface  layering  was  detected  at  this  time.  Evidently  the 
turbulence  created  by  the  storm  was  successful  in  mixing  the  water  column  to 
the  point  where  no  isopycnal  layering  existed. 

In  comparing  Figures  4  and  5,  attention  is  drawn  to  the  change  in  acousti- 
cal backscatter  in  the  upper  20  m  of  the  water  column.  This  change  denotes  a 
large  difference  in  the  volume  of  material  present  within  these  regions  of  the 
water  column.  Using  this  as  evidence,  it  may  be  concluded  that,  prior  to  the 
storm,  isopycnal  layering  was  present  and  did  account  for  numerous  manifesta- 
tions of  subsurface  acoustical  reflectors  that  could  be  associated  with  the 
IXT0C  blowout.  However,  as  a  result  of  turbulent  mixing  created  by  the  storm, 
no  isopycnal  layering  was  present  immediately  after  its  passage  through  the 
area.  Evidence  shows  that  for  some  time  after  the  storm's  passage,  material 
expelled  from  the  well  remained  in  the  upper  20  m  of  the  water  column  and  did 
not  disperse  along  any  subsurface  boundaries.  However,  as  winds  diminished  and 
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seas  calmed,  the  surface  waters  began  to  rewarm  and  the  water  column  again 
tended  to  become  stratified. 

In  Figure  3  (XBT  #13)  a  change  can  be  detected  in  both  the  surface  temper- 
ature and  the  temperature  structure  of  the  water  column  below  it.  Although  a 
strong  temperature  gradient  is  not  present,  consideration  must  be  given  to  the 
overall  change  in  the  water  column  temperature  structure  and  to  the  possible 
effect  that  this  may  have  on  the  dispersion  and/or  buildup  of  material  that  may 
be  detected  acoustically  on  reflective  layers. 

In  Figure  6  subsurface  scattering  from  a  discrete  layer  has  been  detected 
again  with  the  acoustical  system.  These  data  were  obtained  two  days  after  the 
storm's  passage  and  during  the  time  when  water  column  stratification  had  begun 
(Figure  3,  XBT  #13).  A  comparison  of  the  location  (depth)  of  the  acoustical 
layer  and  the  multiple  depth  layers  in  XBT  #13  indicates  that  a  consistency 
exists  in  the  5  to  20  m  depth  region.  There  is  an  indication  that  a  subsurface 
mixed  layer  was  present  between  5  and  15  m  depth.  A  layer  such  as  this  could 
serve  as  a  transport  mechanism  to  material  that  had  been  entrapped  within  it. 

Chemical  samples  taken  at  the  time  (2032Z;  Figure  2,  P08)  by  Energy 
Resources  Company  show  increased  concentration  of  hydrocarbons  within  the 
region  indicated  by  the  acoustic  layers  in  Figure  6  (Boehm  and  Feist,  this  vol- 
ume) . 

Other  instances  of  subsurface  layering  occurred  two  days  later  (Figure  7) 
in  the  same  general  location  (Figure  2,  P15).  The  proximity  of  these  and  other 
occurrences  in  this  location  indicates  that  a  phenomenon  associated  with  the 
subsurface  scattering  may  be  an  indicator  that  subsurface  degradation  of  hydro- 
carbons is  dependent  on  both  time  and  mixing  processes  associated  with  their 
distribution  throughout  the  water  column. 

Data  obtained  3/10  mile  from  the  wellhead  indicate  that,  prior  to  stopping 
for  station  P10  (Figure  3),  the  ship  made  a  transect  across  an  interface  asso- 
ciated with  the  plume  of  oil  being  expelled  from  the  blowout  at  the  time. 

Figure  8  shows  significant  evidence  that  a  crossing  was  made  by  the  R/V 
PIERCE  from  an  area  containing  large  quantities  of  acoustically  reflective  tar- 
gets to  an  area  having  much  smaller  quantities  of  these  targets.  During  this 
passage,  especially  at  1050  U.T.,  the  acoustic  record  indicates  that  acoustic 
return  was  higher  within  and  at  the  edge  of  the  plume  than  that  encountered 
outside  the  plume.  This  phenomenon  has  been  observed  previously  and  has  been 
associated  with  the  distribution  characteristics  of  various  types  of  ocean 
waste  disposal  practices.  Similarities  are  found  when  comparing  these  data. 
Of  particular  interest  is  the  buildup  of  acoustically  reflective  material  at 
the  edges  of  plumes  (Figures  8  and  9). 

As  previously  mentioned,  Figure  8  is  a  photograph  of  acoustic  data 
obtained  during  a  transect  of  the  oil  plume  edge  by  the  R/V  PIERCE.  Figure  9, 
on  the  other  hand,  is  a  transect  of  a  plume  edge  of  pharmaceutical  wastes 
observed  during  a  dump  study  off  of  Puerto  Rico. 
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Attention  is  directed  here  to  the  interface  detected  at  approximately 
1327.  At  this  time  there  was  a  distinctive  change  in  the  volume  of  reflected 
signal  very  similar  to  the  change  referred  to  previously  in  Figure  8.  Although 
electronic  settings  were  different  in  each  case,  the  qualitative  similarities 
in  the  distribution  of  reflectors  is  obvious. 


6.  CONCLUSIONS 

Acoustic  data  have  been  presented  which  indicate  that  subsurface  layering 
was  in  evidence  at  stations  and  transits  taken  in  the  oil  plume  outward  from 
the  blowout.  Of  particular  interest  is  the  subsurface  layering  associated  with 
Figures  6  and  7  observed  at  stations  P08  and  P15,  respectively  (Figure  3). 
Both  of  these  stations  are  located  within  a  10-12  mile  range  of  the  blowout. 

A  comparison  is  made  of  IXTOC  data  and  data  obtained  from  a  previous  study 
that  indicate  obvious  changes  in  acoustic  backscatter  at  a  plume  boundary.  The 
similarities  of  the  acoustic  properties  at  these  interfaces  indicate  that  in 
some  instances  various  types  of  plumes  may  have  similar  dispersional  character- 
istics. In  any  case,  it  is  felt  that  acoustics  can  be  used  as  a  tool  for  indi- 
cating the  presence  of  subsurface  distributions  associated  with  hydrocarbons. 
Further  testing  and  sampling  techniques  should  be  developed  that  can  be  uti- 
lized in  the  future  for  more  synoptic  analyses  of  the  subsurface  distribution 
of  hydrocarbons  in  the  water  column,  whether  this  presence  is  due  to  natural  or 
man-made  seeping  or  spillage. 
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1.   INTRODUCTION 


The  ability  of  microorganisms  to  degrade  crude  oil  and  various  petroleum 
products  has  been  well  known  for  years.  Many  different  types  of  microorganisms 
have  been  shown  to  be  capable  of  using  various  fractions  of  oil  as  sole  sources 
of  carbon  and  energy,  growing  at  the  expense  of  the  oil.  For  many  years, 
people  have  studied  the  response  of  oil-degrading  bacteria  to  the  presence  of 
oil  in  different  environments.  Some  of  these  studies,  such  as  those  conducted 
in  Dr.  Atlas'  laboratory  in  North  Carolina,  have  been  yery  sophisticated  and 
have  demonstrated  that  a  generalized  response  to  oil  pollution  is  an  enrichment 
of  the  number  of  oil -degrading  bacteria.  There  nave  been  relatively  few 
studies,  however,  on  the  impact  of  oil  on  the  total  microbial  community.  These 
few  studes  do  tend  to  indicate  that  the  effects  on  th-e  entire  community  are 
relatively  subtle  and  reflect  some  changes  in  the  types  of  organisms  present, 
principally  a  shift  in  metabolic  patterns  of  the  community  to  organisms  capable 
of  degrading  oil.  In  addition,  there  have  been  some  indications  that  certain 
types  of  community  functions,  such  as  the  degradation  of  cellulose,  can  be 
inhibited  by  the  presence  of  low  concentrations  of  crude  or  refined  petroleum 
products. 

A  topic  of  significant  discussion  among  aquatic  microbial  ecologists  is 
the  role  that  microorganisms  play  in  oceanic  ecosystems.  There  would  probably 
be  little  disagreement  that  microbes  are  important  in  the  cycling  of  nutrients, 
which  in  turn  is  important  to  supporting  primary  productivity.  Microorganisms 
also  serve  as  food  for  consumer  species  and  as  enrichers  of  the  nutrient  value 
of  suspended  particles.  Their  role  as  degraders  of  organic  material  also  may 
serve  an  important  function  in  the  carbon  chemistry  of  the  ocean.  All  of  these 
roles  contribute  to  the  well-being  and  proper  functioning  of  oceanic  ecosys- 
tems. Therefore,  it  is  important  to  understand  the  effect  that  oil  may  have  on 
this  community.  The  IXTOC-I  blowout  provided  a  unique  opportunity  to  study  the 
effects  of  petroleum  on  the  pelagic  microbial  community,  and  to  determine  what, 
if  any,  detrimental  effects  may  occur.  Most  prior  studies  have  examined  the 
impact  of  spilled  oil  on  coastal  areas  where  much  more  dramatic  effects  could 
be  expected. 

An  objective  of  our  study  was  to  examine  the  effect  of  IXTOC  oil  on  the 
pelagic  microbial  communities'  composition  and  activity  as  a  function  of  dis- 
tance from  the  source  of  the  oil.  Community  numbers,  size  and  shape  distribu- 
tions, types  present,  and  metabolic  activities  were  examined.  Another  objec- 
tive was  to  examine  the  in  situ  rates  of  hydrocarbon  degradation  in  the  water 
column  that  had  been  influenced  by  the  spilled  oil.  Microcosm  studies  also 
were  conducted  to  examine  the  effects  of  oil  on  these  same  community 
characteristics,  using  oils  that  had  aged  to  different  extents  and  were  added 
to  a  non-impacted  community. 

2.   EXPERIMENT 


Over  the  last  few  years,  microbial  ecologists  have  come  to  realize  that  no 
single  parameter  adequately  characterizes  the  entire  microbial  community.   The 
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WATER  SAMPLE 


3H  AMINO  ACID' 
UPTAKE 


l 


DISPENSE  20  ML 
OF  SAMPLE 


l 


INCUBATE  30  MIN 
WITH  .5pCI  MIXTURE 
OF  3H-AMIN0  ACIDS 


l 


TERMINATE  WITH  UNLABELED 
AMINO  ACIDS 


I 


FILTER  THROUGH 
0.2  M  NUCLEPORE 


l 


SCINTILLATION  COUNTING 
OF  FILTER 


l 


CALCULATE  UPTAKE  TURNOVER 
RATE  =  F/T 


14 


C-AMINO  ACID 
RESPIRATION 


» 


DISPENSE  20  ML 
OF  SAMPLE 


» 


INCUBATE  60  MIN 
WITH    .5/xCI   MIXTURE 
OF   14C-AMIN0  ACIDS 


l 


TERMINATE  WITH  H2S04 


l 


ADD  PHENETHYLAMINE  TO 
FILTER  PAPER  AND  SHAKE 
2  HR  FOR  C02  RECOVERY 


l 


SCINTILLATION  COUNTING 
OF  FILTER 


l 


CALCULATE  RESPIRATION 
TURNOVER  RATE  =  F/T 


F  = 


PPM  METABOLIZED 
DPM  ADDED 


Figure  2.  Heterotrophic  activity  measurement. 


548 


produced  from  the  metabolism  of  the  amino  acids.  Again,  this  is  a  tracer  and 
the  results  are  presented  in  terms  of  the  turnover  times  for  the  natural  amino 
acid  concentration  by  natural  population  of  microorganisms. 

For  measurement  of  the  degradation  of  hydrocarbons,  a  technique  was  selec- 
ted that  would  yield  information  about  the  natural  rates  of  hydrocarbon  metabo- 
lism. Many  previous  studies,  starting  with  Zobell  over  40  years  ago,  have 
shown  that  confining  ocean  water  in  a  container  dramatically  increases  the  num- 
ber and  activity  of  the  microorganisms  present.  This  means  that  HC  degradation 
rates  obtained  by  experiments  in  which  the  microbial  community  is  confined 
would  be  higher  than  the  rates  obtained  under  natural  conditions.  This  would 
make  the  extrapolation  of  such  results  back  to  the  environment  especially  dif- 
ficult. Since  these  bottle  effects  are  unavoidable  in  any  study  involving 
incubation  for  periods  longer  than  approximately  12  hours,  a  major  constraint 
was  to  keep  the  incubation  period  short. 

The  technique  used,  which  was  developed  in  our  laboratory, involved  the  use 
of  radio-labeled  hexadecane  as  a  representative  of  the  aliphatic  fraction  of 
the  oil,  and  C-14-labeled  naphthalene  was  used  as  a  surrogate  for  the  aromatic 
fraction  (Figure  3).  These  labeled  hydrocarbons  were  added  to  samples  from  the 
environment,  and  the  respiration  of  the  substrates  was  measured  over  a  six-hour 
period.  Because  analytical  data  were  available  for  hydrocarbons  in  the  waters 
from  which  these  samples  were  obtained,  it  was  possible  to  calculate  an  actual 
rate  of  metabolism.  This  rate  represents  the  velocity  of  the  metabolism  of  the 
hydrocarbons  to  COo  by  the  microbial  community  present  in  the  water  sample. 
The  turnover  time  Tor  the  hydrocarbon  concentration  present  was  calculated  and 
represents  an  estimate  of  how  long  it  would  take  the  community  present  to  meta- 
bolize concentrations  of  hydrocarbons  present. 

It  is  important  to  keep  in  mind  that  these  estimates  can  be  calculated  in 
a  number  of  different  ways,  depending  upon  the  hydrocarbon  concentration  used. 
In  the  present  study,  the  respiration  of  hexadecane  and  the  total  aliphatic 
hydrocarbon  concentrations  were  used  to  calculate  the  rates  of  aliphatic  meta- 
bolism. This  seemed  justified,  since  microorganisms  are  not  selective  in  the 
specific  aliphatic  hydrocarbons  that  they  metabolize.  In  other  words,  the 
microorganism  will  metabolize  C-12  through  C-22  hydrocarbon  without  being 
selective  to  any  particular  isomer.  The  data  also  could  have  been  presented  in 
terms  of  rates  of  metabolism  of  hexadecane,  but  since  the  microorganisms  were 
not  selected,  this  rate  probably  would  underestimate  what  would  be  occurring 
under  natural  conditions.  Likewise,  the  metabolic  rate  or  velocity  for  naph- 
thalene is  based  upon  the  concentration  of  total  aromatic  metabolism.  The 
microorganisms  probably  are  somewhat  more  selective  than  with  aliphatics,  but 
the  ring  hydroxyl ation  enzymes,  which  are  necessary  for  the  metabolism  of  aro- 
matic hydrocarbons,  probably  are  not  completely  selective. 


549 


WATER  SAMPLE 


\ 


DISPENSE  30  ML 
WATER  SAMPLES 


l 


KILL  CONTROL  WITH  FORMALIN 


l 


ADD  0.5jxCI   14C- 
HEXADECANE  OR  NAPHTHALENE 


l 


INCUBATE  6  HOURS 


I 


KILL  LIVES  WITH  FORMALIN 
ADD  0.5  ML  BENZENE 


l 


SHAKE  1  HOUR 


» 


ADD  ACID  TO  FLUID  + 
PHENETHYLAMINE  TO  FILTER 


I 


SHAKE  2  HOURS 


l 


SCINTILLATION  COUNTING 
OF  FILTER 

I 

CALCULATE   RESPIRATION  VELOCITY  = 

mur      ur  fDPM  METABOLIZED\ 
CONC.    HC  ^       ppM  A[)DED        J 

TIME 


Figure  3.  Hydrocarbon  metabolism  measurement 
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3.   RESULTS 


3.1  Sample  Site 

Figure  4  gives  sample  locations.  Water  samples  were  obtained  using  ster- 
ile bag  samplers.  Samples  from  clean  water  areas  were  taken  aboard  the  R/V 
NOAA  Ship  RESEARCHER,  while  those  near  the  well  head  were  taken  by  George 
Roubal  on  board  the  contract  vessel  G.  W.  PIERCE  and  transferred  to  the 
RESEARCHER.  In  all  cases,  the  samples  were  processed  in  less  than  two  hours 
from  the  time  they  were  removed  from  the  sea.  Samples  were  taken  from  four 
areas  at  different  distances  from  the  well  head,  and  two  sites  were  at  consid- 
erable distances  in  supposedly  clean  water  areas  (RIX02,  RIX22).  At  each  site, 
samples  were  taken  from  near  the  surface,  at  depths  of  approximately  10  m  and 
20  m. 

3.2  Microbial  Community  Size  and  Composition 

As  seen  in  Table  1,  AODC's  do  not  change  yery  much,  regardless  of  whether 
oil  is  present  or  absent.  There  is  also  no  major  change  with  depth.  The  con- 
trol station  RIX02  shows  somewhat  lower  counts  than  the  oil-affected  sites. 
Station  RIX22  shows  somewhat  higher  counts,  which  is  probably  a  reflection  of 
the  influence  of  Rio  Grande  River  inputs.  The  completion  of  statistical  analy- 
ses of  the  data  should  determine  whether  these  are  significant  changes.  The 
size  and  shape  characterization  performed  on  the  microscopic  counts  indicates 
that  in  all  cases  the  majority  of  the  cells  are  small,  straight  or  curved  rods 
(less  than  1 . 2/lx)  .  The  oil-impacted  sites,  however,  are  the  only  places  where 
large  rods  appear,  although  they  never  constitute  a  high  percentage  of  the 
total . 

Although  the  total  number  of  cells  present  does  not  appear  to  change 
appreciably,  there  are  dramatic  changes  in  the  colony-forming  unit  counts  (Fig- 
ure 5).  A  short  distance  from  the  well  head,  surface  counts  begin  to  increase, 
reaching  'jery  high  counts  at  17  km.  Near  the  well  head,  the  influence  of  oil 
does  not  extend  very  deep,  while  at  17  km  the  effect  impacts  a  larger  part  of 
the  water  column.  At  27  km,  the  numbers  are  still  slightly  elevated,  but  they 
return  to  ambient,  environmental  levels  by  37  km.  This  shows  that  there  is  a 
substantial  change  in  the  number  of  organisms  that  can  grow  under  high  nutrient 
conditions  (oil)  but  that  the  increase  is  limited  to  areas  very  near  the  well 
head.  The  pattern  that  emerges  from  comparison  of  AODC/CFU  is  consistent  with 
current  thinking  about  the  dynamics  of  oceanic  microbial  communities.  This 
theory  holds  that  enrichment  leads  to  a  change  in  the  community,  from  one 
adapted  to  low  concentrations  of  nutrients  (probably  do  not  grow  on  our  media 
but  are  part  of  the  AODC)  to  one  that  grows  best  under  conditions  of  nutrient 
enrichment  and  do  grow  on  media,  hence  increased  CFU  with  constant  AODC.  The 
mousse  from  station  RIX10,  40  km  from  the  well  head,  contains  approximately 
4  x  10°  CFU/gram,  which  represents  over  a  4-order-of-magnitude  increase  in 
number  over  the  natural  community,  and  two  orders  of  magnitude  over  the  highest 
oil -impacted  water. 

This  change  in  the  community  is  substantiated  by  the  analysis  of  the  bac- 
terial isolates  from  these  samples  (Table  2).   The  arrows  represent  the 
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Figure  4.     Sample   sites. 
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directions  of  the  changes  and  show  that  major  shifts  in  community  composition 
occur.  Pseudomonas  are  the  predominant  organism  at  the  control  stations 
(30-40%  of  total),  while  at  the  well  head  they  are  inhibited  at  the  surface 
(the  same  at  10  m  and  increased  at  20  m).  At  greater  distances  there  are  fewer 
Pseudomonas;  this  impact  shows  up  at  greater  depth,  probably  as  a  result  of  the 
spreading  oil.  Moraxella  also  seems  to  disappear  from  oil -impacted  areas, 
while  Flavobacterium  becomes  predominant  at  most  sites.  Members  of  the  genus 
Vibrio  appear  only  at  sites  influenced  by  oil.  This  organism,  which  is  a  fish 
and  a"  potential  human  pathogen,  seems  to  respond  to  organic  pollution  by 
increasing  in  number.  For  the  same  pattern,  Vibrio,  appearing  only  in  the  pre- 
sence of  organic  enrichment,  has  been  observed  by  Rita  Colwell  in  her  studies 
of  pharmaceutical  waste  dumping  in  the  ocean  near  Puerto  Rico.  The  mousse  is 
predominated  by  Pseudomonas,  but  they  are  of  mostly  different  species  from 
those  found  in  the  water.  This  may  mean  that  once  the  mousse  has  formed,  it 
represents  a  discrete  microenvironment  having  different  community  composition, 
and,  as  the  counts  at  distant  stations  indicate,  having  a  smaller  influence  on 
water  column  populations. 

3.3  Community  Metabolic  Activity 

The  data  in  Table  3  and  Figure  6  show  turnover  times  in  days  for  ambient 
amino  acid  concentrations.  The  higher  the  number,  the  slower  the  metabolism. 

Several  striking  features  are  revealed  by  these  data.  The  most  interes- 
ting feature  is  the  almost  total  inhibition  of  amino  acid  respiration  near  the 
well  head.  There  are  two  reasonable  explanations  for  this  observation.  First, 
amino  acids  are  constituents  of  proteins  and  probably  would  be  metabolized  for 
energy  (i.e.,  to  COo)  only  under  conditions  where  no  other  energy-generating 
substrate  is  available  or  where  amino  acids  are  present  in  large  quantities, 
being  preferentially  incorporated  into  new  biomass.  Therefore,  the  absence  of 
amino  acid  respiration  may  reflect  rapid  growth  in  the  presence  of  a  large 
amount  of  metabol izable  carbon  source  (oil).  Secondly,  there  may  be  some  inhi- 
bition by  the  oil.  This  appears  to  be  a  better  explanation,  since  at  the  17  km 
station  we  still  have  oil  but  amino  acid  respiration  has  increased.  By  the 
17  km  station,  which  is  the  site  of  the  highest  numbers,  both  uptake  and  respi- 
ration have  increased  several  fold,  while  oil  concentration  has  decreased  signi- 
ficantly. The  apparent  toxicity  has  been  alleviated  and  metabolism  is  rapid. 
By  27  km,  the  uptake  has  decreased  but  respiration  is  high,  which  may  reflect 
the  fact  that  a  population  has  grown  on  oil  and  now  the  oil  concentration  has 
decreased,  and  that  the  amino  acids  are  being  used  for  energy.  By  37  km,  both 
rates  have  decreased  and  respiration  is  higher,  again  indicating  nutrient-poor 
conditions.  At  the  control  site,  RIX02,  the  same  pattern  occurs:  low  uptake, 
high  respiration,  nutrient-poor  conditions.  At  RIX22,  the  influence  of  the  Rio 
Grande  is  seen  again;  more  uptake  occurs.  Overall  results  seem  to  show  that 
there  is  respiration  inhibition  near  the  well  and  a  large  increase  in  activity, 
followed  by  a  return  to  the  environmental  level;  this  is  consistent  with  the 
count  data.  The  effects  are  restricted  to  the  area  immediately  adjacent  to 
well  head  area. 
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Table  3.  Heterotrophic  activity  by  Gulf  of  Mexico  microbial  community. 


STATION 


SITE- 
(km) 


DEPTH 
(m) 


AMINO  ACID  TURNOVER  TIME  (DAYS) 
UPTAKE  RESPIRATION 


PIX  10 


0.5 


1 

9 

20 


416 
347 
520 


>400,000 
>400,000 
>400,000 


PIX  15 


17.4 


1 

9 

20 


181 
297 
116 


152 


187 


PIX  08 


27.0 


1 

3 

18 


3787 

1042 

502 


128 
757 
730 


PIX  14 


37.0 


1 

9 

20 


833 
1388 
3472 


372 
555 
413 


RIX  02 


300.0 


3 

9 

20 


1894 
817 
595 


210 
254 
125 


RIX  22 


770.0 


3 
35 
40 


143 
298 
119 


1,388 
353 

905 


Distance  from  well  head. 
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Figure  6.  Turnover  rates  for  amino  acid  concentrations 
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3.4  Hydrocarbon  Metabolism 

The  metabolism  of  hydrocarbons  (Table  4)  was  investigated  using  a  tech- 
nique that  yields  results  very  similar  to  those  expected  under  environmental 
conditions.  Using  the  HC  concentration  for  total  aliphatics  with  hexadecane 
respiration  data,  and  total  aromatics  with  naphthalene  respiration  data,  we 
have  calculated  metabolic  velocities  for  the  aliphatic  and  aromatic  fractions 
of  the  oil,  respectively.  The  results  are  expressed  as  turnover  times,  which 
is  the  concentration  divided  by  the  velocity.  The  length  of  time  needed  for 
that  oil  fraction  to  be  metabolized  at  the  rate  measured  is  estimated.  Again, 
the  higher  the  turnover  time,  the  slower  the  metabolism.  Because  chemistry 
data  were  available  for  only  a  few  depths  at  each  station,  the  asterisked 
values  are  those  calculated  using  hydrocarbon  concentrations  from  a  depth  other 
than  that  from  which  the  water  sample  used  in  the  metabolism  study  was  taken. 

The  patterns  seen  are  similar  to  the  other  microbiological  parameters, 
with  highest  rates  of  aliphatic  metabolism  near  the  well  head  decreasing  to 
near  environmental  levels  moving  away  from  the  well  head.  Aromatic  metaboli- 
sers  appear  to  take  longer  to  show  high  rates,  probably  because  time  is  needed 
to  induce  a  community  of  degraders;  aromatics  may  not  be  so  common  in  the  water 
and  therefore  that  ability  may  be  rarer.  The  control  stations  show  very  low 
rates  of  metabolism. 

The  turnover  time  data  indicate  that  the  microbial  community  present  has  a 
high  potential  for  the  metabolism  of  hydrocarbons  because  the  time  required  for 
breakdown  is  relatively  short,  even  in  the  controls.  Short  turnover  in  con- 
trols is  due  to  the  fact  that  even  at  low  rates,  the  low  concentration  can  be 
metabolized  rapidly. 

These  data  indicate  that  microbial  degradation  of  oil  in  the  water  can  be 
very  rapid,  in  contrast  to  the  mousse,  for  which  oxygen,  N,  and  P  may  limit  the 
speed  of  microbial  utilization  of  the  oil.  The  microbes  are  capable  of  signi- 
ficantly altering  the  hydrocarbon  concentrations  in  relatively  short  periods. 

4.   CONCLUSIONS 


(1)  Spilled  oil  effects  on  the  microbial  community  include: 

a.  Increases  in  numbers 

b.  Changes  in  the  composition  of  the  microbial  community 

c.  Possible  inhibition  of  amino  acid  respiration 

d.  Increases  in  metabolic  activity 

(2)  The  oil  effects  are  restricted  to  areas  yery   near  the  source  of  oil,  and 
all  parameters  measured  return  to  environmental  levels  within  a  short  distance 
from  the  wel 1 . 

(3)  The  aquatic  microbial  community  is  capable  of  rapid  metabolism  of  the  oil, 

which  may  be  retarded  when  the  mousse  is  formed.   This  could  account  for  a 

large  part  of  the  decrease  in  oil.  There  needs  to  be  more  investigation  of  the 

mousse  formation. 
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RESPONSE  OF  THE  PELAGIC  COMMUNITY  TO  OIL  FROM  THE  IXTOC-I  BLOWOUT: 

II.  MODEL  ECOSYSTEM  STUDIES 
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1.  INTRODUCTION 


The  effects  of  oil  on  individual  species  of  macroorganisms,  phytoplankton, 
and  zooplankton  and  on  populations  of  these  organisms  have  been  studied  exten- 
sively (Cowell,  1971;  Hyland  and  Schneider,  1976;  Nel sen-Smith,  1973).  Little 
is  known  about  the  effects  of  petroleum  hydrocarbons  on  natural  populations  of 
marine  microorganisms.  Partially  because  of  the  need  to  control  spilled  oil, 
most  microbiological  studies  have  been  focused  on  the  capacity  of  bacteria  to 
degrade  petroleum  hydrocarbons  (Atlas  and  Bartha,  1972a;  Byron  et  al . ,  1970; 
Lee  and  Anderson,  1977;  Mi  get  et  al . ,  1969;  Soli  and  Bens,  1973;  Walker  et 
al.,  1975a,  b;  Walker  and  Colwell,  1977;  ZoBell  and  Prokop,  1966).  However, 
batch  culture  experiments  have  demonstrated  that  dissolved  oil  fractions 
reduced  growth  rate  and  maximum  cell  density  of  individual  strains  of  marine 
bacteria  (Calder  and  Lader,  1976;  Griffin  and  Calder,  1977).  Oil  inhibited 
D-glucose  uptake  and  mineralization  (Hodson  et  al . ,  1977)  and  total  respira- 
tion (Atlas  and  Bartha,  1972b)  of  mixed  populations  of  marine  bacteria.  Dietz 
et  al .  (1976)  observed  that  crude  oil  enhanced  bacterial  biomass  but  decreased 
heterotrophic  potential  of  marine  bacteria  in  "bottle"  experiments.  In  salt 
marsh  microcosms,  petroleum  hydrocarbons  increased  the  abundance  of  total  bac- 
teria and  of  cellulolytic  bacteria  but  inhibited  the  utilization  of  crude  fiber 
from  Spartina  al  term' flora  (Buckley,  1980). 

The  IXTOC-I  well  blowout  in  the  Bay  of  Campeche,  Gulf  of  Mexico,  resulted 
in  the  largest  accidental  oil  spill  in  maritime  history.  In  contrast  to  other 
major  oil  spills,  which  occurred  nearshore  and  resulted  in  significant  environ- 
mental damage  to  coastal  ecosystems  (i.e.,  the  groundings  of  the  supertankers 
TORREY  CANYON  and  AMOCO  CADIZ,  the  Santa  Barbara  blowout),  the  pelagic  communi- 
ties of  the  Gulf  of  Mexico  were  most  immediately  and  most  heavily  impacted  by 
the  oil  released  from  IXTOC-I.  The  functions  of  heterotrophic  bacteria  in 
pelagic  ecosystems  include:  (1)  decomposition  of  photosynthetically  produced 
and  allochthonous  organic  matter,  (2)  cycling  of  nitrogen,  phosphorus,  sulfur, 
and  other  inorganic  substrates,  and  (3)  production  of  biomass  through  conver- 
sion of  dissolved  organic  substances  into  bacterial  protoplasm,  thus  making 
them  available  for  the  primary  consumer  species  (Hoppe,  1976).  Consequently, 
potential  adverse  effects  of  petroleum  contamination  on  marine  microbes  and 
their  metabolic  activity  could  dramatically  influence  the  productivity  and 
energetics  of  the  pelagic  communities  of  the  Gulf  of  Mexico. 

The  overall  objective  of  the  microbiological  effects  studies  conducted  on 
the  RESEARCHER/PIERCE  cruise  was  to  assess  the  effects  of  oil  from  the  IXTOC-I 
blowout  on  the  structure  and  metabolic  activity  of  the  pelagic  bacterial  com- 
munities of  the  Gulf  of  Mexico.  The  work  involved  in- situ  microbiological 
analyses  (Pfaender  et  al . ,  this  report)  and  microcosm  experiments.  The  objec- 
tive of  the  microcosm  experiments  was  to  determine  the  effect  of  variously 
weathered  oils  on  the  indigenous  microbial  populations  of  unimpacted  waters. 

The  advantages  of  the  microcosm  approach  are:  (1)  it  provides  an  experi- 
mental system  that  has  discrete  boundaries  and  is  small  enough  to  be  conve- 
niently subjected  to  experimental  conditions  (Gordon  et  al . ,  1969),  (2)  it 
allows  the  establishment  of  replicate  ecosystems  (Beyers,  1964),  and  (3)  it 
simplifies  the  identification  of  operational  mechanisms  first  in  the  experiment 
and  later  in  nature  (Margalef,  1967).    The  selection  of  microbiological 
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parameters  measured,  community  abundance  and  composition,  heterotrophic  activ- 
ity, and  hydrocarbon  utilization  allowed  for  the  identification  and  comparison 
of  the  response  of  the  pelagic  microbiota  to  oils  of  various  "ages"  from  the 
IXTOC-I   spill. 

2.     METHODS 


2.1  Design  of  the  Experimental  System 

The  microcosm  design  was  adapted  from  Buckley  (1980).  Briefly,  sterile 
3.8-1  Nalgene  polypropylene  wide-mouth  bottles  (Sybron/Nalge,  Rochester,  N.Y.) 
were  used  for  microcosms  (Fig.  1).  Each  bottle  was  fitted  with  a  3-hole  no.  15 
Neoprene  rubber  stopper  (Rhoades  Rubber  Corp.).  Entering  through  the  stopper 
were  1.0  ml  glass  pipettes.  The  air  inlet  tube  extended  to  within  1  cm  of  the 
bottom  of  the  bottle.  The  siphon  tube  was  used  for  drawing  samples  from  a 
point  mid-depth  in  the  initial  water  column.  The  gas  outlet  tube  was  extended 
to  a  point  approximately  1.0  cm  above  the  surface  of  the  initial  water  column. 
Silent  Giant®  air  pumps  (Aquarium  Pump  Supply,  Inc.,  Prescott,  Ariz.)  were  used 
to  aerate  the  microcosms.  The  air  passed  through  Tygon  tubing  to  an  in-line 
cotton-filled  trap,  which  functioned  as  a  filter  to  prevent  contamination  of 
the  sample  water  by  atmospheric  microorganisms,  and  on  to  a  manifold  consisting 
of  T-shaped  glass  rods  linking  three  bottles.  Pinch  clamps  were  used  to 
equally  distribute  the  air  flow.  During  these  experiments,  the  gas  outlet  was 
fitted  with  a  trap  containing  sterilized  cotton.  This  allowed  equalization  of 
gas  pressure  within  the  bottle  with  atmospheric  pressure,  but  prevented  atmos- 
pheric contamination  of  the  sample  water.  The  water  was  mixed  by  introducing  a 
constant  stream  of  bubbles  from  the  air  inlet,  and  by  providing  each  microcosm 
with  a  1"  Teflon-coated  magnetic  stirring  bar  and  stirring  on  a  magnetic  stir- 
rer at  approximately  300  RPM. 

All  incubations  were  done  in  the  dark;  each  microcosm  was  covered  with 
aluminum  foil  and  a  layer  of  duct  tape.  The  temperature  of  the  incubations  was 
25  ±  2°C. 

Samples  were  drawn  from  the  systems  by  attaching  a  500-ml  vacuum  flask 
fitted  with  a  one-hole  rubber  stopper  containing  a  glass  tube  to  Tygon  tubing 
from  the  sample  port,  opening  a  clamp  on  the  sample  tube,  and  then  applying  a 
vacuum  to  the  side-arm  of  the  flask  to  siphon  the  required  amount  of  sample 
water  into  the  flask.  The  sample  tube  was  enclosed,  the  flask  removed,  and  the 
water  remaining  in  the  sample  tube  forced  back  into  the  microcosm  by  use  of  an 
air  pump  and  manipulation  of  the  pinch  clamp  on  the  sample  tube. 

2.2  Preparation  of  the  Model  Aquatic  System 

On  19  September,  approximately  60  L  of  sample  water  were  collected  from  a 
depth  of  5  m  at  station  RIX09,  located  48  km  northwest  of  the  well  site,  using 
the  glass  Bodman  bottle  sampler.  Sample  water  from  two  Bodman  casts  was  com- 
bined and  mixed  into  an  80-L-capacity  sterile  bag.  Within  one  hour  of  collec- 
tion, 3.6  L  of  mixed  sample  water  were  added  to  each  of  twelve  microcosms. 
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Figure  1.  Microcosm  design. 
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There  were  four  oil  treatment  groups;  each  treatment  group  included  three 
microcosms  (Fig.  2).  One  set  of  microcosms  (C)  received  no  petroleum  and 
served  as  a  control.  The  microcosms  of  the  second  treatment  group  (WO) 
received  fresh  well  oil  that  had  been  collected  at  RIX07,  approximately  27  km 
from  the  wellhead  and  within  the  oil  plume.  The  microcosms  of  the  third  treat- 
ment group  (WM)  received  mousse  collected  at  RIX06,  48  km  northeast  of  the 
well.  Mousse  collected  from  a  mousse  patch  off  South  Padre  Island,  Texas,  by 
Roy  Hahn  of  Texas  A&M  University  was  added  to  the  fourth  group  of  microcosms 
(TM).  All  oils  were  added  within  30  minutes  after  the  bottles  were  filled. 
The  concentration  of  added  oil  and  mousse  was  1%  (wt/vol).  It  should  be  noted 
that  the  mixing  of  the  water  column  at  no  time  resulted  in  oil  particles  or  oil 
droplets  being  collected  with  the  sample  water.  This  indicates  that  while  the 
mixing  of  the  stirring  bar  provided  homogeneously  mixed  samples  of  the  water 
column,  the  bulk  of  the  oil  remained  at  the  surface  during  the  experiment. 
Hydrocarbon  concentrations  observed  in  the  water  thus  resulted  from  dissolution 
of  oil  at  the  surface  into  the  water  column. 


2.3  Subsampling  Protocol  and  Analysis 

Subsamples  of  the  experimental  water  for  chemical  and  microbiological 
analyses  were  taken  during  the  collection  of  the  sample  water  and  at  periodic 
intervals  during  the  7-day  incubation  period  (Table  1).  Samples  drawn  from  the 
microcosms  were  processed  immediately  after  being  collected. 

Microbiological  community  parameters  measured  included  acridine  orange 
direct  counts  of  total  cell  number,  colony-forming  bacteria,  uptake  and  respi- 
ration of  amino  acids,  and  respiration  of  n-hexadecane  and  naphthalene.  During 
the  enumeration  of  total  cell  numbers  in  all  samples  and  in  all  counting 
fields,  individual  cells  were  measured  using  the  smallest  division  (1.2  m)  of 
the  counting  grid.  Differential  counting  of  the  bacterial  colonies  and  isola- 
tion and  identification  of  representative  colony  types  were  done  on  samples 
from  the  initial  and  final  sampling  times  for  all  treatments.  The  techniques 
for  all  microbiological  parameters  measured  are  reviewed  in  Pfaender,  et  al . 
(this  report). 

Chemical  analyses  of  water  and  oil  from  the  microcosms  were  done  by 
Dr.  John  Laseter  and  Dr.  Ed  Overton,  University  of  New  Orleans.  The  tech- 
niques for  the  chemical  analyses  are  discussed  in  Laseter  et  al .  (this 
report). 

3.   RESULTS  AND  DISCUSSION 


3.1  Bacterial  Abundance  and  Community  Composition 

All  oil  types  caused  an  increase  in  total  bacterial  cell  numbers  relative 
to  the  control  (Fig.  3).  The  initial  density  of  cells  in  the  sample  water  was 
0.6  x  106  cells/ml. 
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Figure  2.  Experimental  treatments  of  microcosm  sample  water 
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Table  1.  Sampling  regime  for  microcosm  experiment. 


DAY 

PARAMETER 

0 

1 

2 

3 

4 

5 

6 

7 

Microbial  Community: 

Total  cells 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Colony-forming  units 

+ 

+ 

+ 

+ 

+ 

+ 

- 

+ 

Amino  acid  uptake 

+ 

+ 

- 

+ 

- 

+ 

- 

+ 

Amino  acid  respiration 

+ 

- 

- 

+ 

- 

+ 

- 

+ 

Hexadecane  metabolism 

+ 

- 

- 

+ 

- 

+ 

- 

+ 

Naphthalene  metabolism 

+ 

- 

- 

+ 

- 

+ 

- 

+ 

Microbial  Populations: 

Cell  types 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Differential  colony  counts 

+ 

+ 

- 

- 

- 

+ 

- 

+ 

Identification 

+ 

- 

- 

- 

- 

- 

- 

+ 

Chemistry: 

Hexadecane  concentration 

+ 

- 

- 

- 

- 

- 

- 

+ 

Naphthalene  concentration 

+ 

- 

- 

- 

- 

- 

- 

+ 
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In  the  control  microcosms,  total  cells  exhibited  a  typical  growth  curve 
response  to  confinement:  a  phase  of  increase,  a  maximum  stationary  phase,  a 
phase  of  decrease,  and  a  phase  of  readjustment  (ZoBell  and  Anderson,  1936). 
During  the  phase  of  increase,  total  cell  density  doubled  twice  to  a  maximum 
density  of  2.7  x  10^  cells/ml  on  day  2.  The  phase  of  decrease  occurred  between 
days  2  and  3.  After  day  3,  total  cell  numbers  fluctuated  little;  the  mean 
total  cell  density  for  the  phase  of  readjustment  was  2.2  x  10^  cells/ml. 

In  the  oil  and  mousse  microcosms,  total  cell  density  was  increased  within 
1  h  of  addition  of  the  hydrocarbons.  In  the  one-hour  samples,  the  number  of 
total  bacteria  was  0.9  x  10^  cells/ml  in  the  WO  microcosms,  4.75  x  10^  cells/ml 
in  the  WM  microcosms,  and  2.94  x  10^  cells/ml  ip  the  TM  microcosms.  The  1-h 
densities  represent  increases  of  50%,  692%,  and  390%,  respectively,  from  the 
starting  total  cell  numbers.  This  was  most  likely  the  result  of  the  addition 
of  bacteria  to  the  water  from  the  oil -associated  microbial  communities.  Subse- 
quent increases  in  total  cell  numbers  probably  were  caused  by  inducement  and 
stimulation  of  organisms  in  the  presence  of  the  hydrocarbons.  The  degree  of 
stimulation  and  the  rapidity  of  the  response  were  dependent  on  oil  type. 

In  the  well  mousse-amended  microcosms,  total  bacteria  increased  to 
21.28  x  10^  cells/ml  after  24  h  and  then  stabilized  until  day  3.  The  mean  cell 
density  during  the  maximum  stationary  phase  was  21.9  x  10^  cells/ml.  Between 
days  3  and  5,  the  total  cell  number  decreased  and  re-equilibrated  at  a  mean 
cell  density  of  818  x  10^  cells/ml  for  the  remainder  of  the  incubation. 

The  greatest  increase  in  total  bacteria  in  the  microcosms  receiving  Texas 
mousse  occurred  upon  the  addition  of  oil.  Subsequently,  total  cell  density  did 
not  change  during  the  remainder  of  the  initial  24-h  incubation.  Between  days  1 
and  2,  the  total  bacteria  increased  to  4.0  x  10^  cells/ml  and  subsequent  fluc- 
tuations were  small.  After  48  h,  the  mean  cell  density  was  3.9  x  10°  cells/ml. 

Although  the  addition  of  relatively  fresh  oil  initially  increased  the 
abundance  of  suspended  bacteria,  total  cell  density  in  the  W0  microcosms  was 
not  significantly  different  from  that  in  the  control  microcosms  during  the 
first  72  h  of  incubation.  Only  after  day  3  was  bacterial  abundance  enhanced; 
the  final  cell  density  in  the  W0  microcosms  was  5.1  x  10^  cells/ml,  the  approx- 
imate density  occurring  in  the  WM  microcosms  after  mousse  addition. 

Analysis  of  the  cell  type  comprising  the  total  bacteria  demonstrates  that, 
in  conjunction  with  the  enhancement  of  cell  density,  there  were  shifts  within 
the  bacterial  communities.  In  the  indigenous  microbial  community,  rod-shaped 
cells  less  than  1.2 /i  in  length  were  predominant.  After  24  h  of  incubation, 
rod-shaped  cells  greater  than  2.4  ^  in  length  were  predominant  in  the  control 
microcosms  (Fig.  4). 

After  well  mousse  and  Texas  mousse  were  added,  large  (>2.4m)  coccoid  rods 
and  S-shaped  rods  were  observed  in  the  samples  from  these  treatment  groups.  In 
the  well  mousse  amended  microcosms,  large  coccoid  and  S-shaped  cells  accounted 
for  over  50%  of  the  total  cells  added  to  the  oil.  In  contrast,  only  15%  of  the 
bacteria  added  with  the  Texas  mousse  were  these  types  of  cells.  However,  after 
24  h,  41.1%  of  the  total  cells  in  the  Texas  mousse  exposed  water  were  classi- 
fied in  these  categories.   The  cell  type  composition  in  the  water  exposed  to 
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well  oil  changed  little  after  the  addition  of  the  hydrocarbons.   By  day  1, 
large  coccoid  rods  and  S-shaped  cells  were  predominant. 

The  presence  of  particular  cell  types  in  the  oiled  microcosms  that  did  not 
occur  in  the  control  water  indicates  that  the  oil  selects  for  certain  cell 
types  within  the  community,  thus  causing  shifts  in  the  composition  of  the  com- 
munity. That  oil  enhances  this  shift  is  evidenced  by  the  inducement  of  the 
coccoid  and  S-shaped  rods  in  the  WO  microcosms  after  24  h.  The  decrease  in 
these  cell  types  in  the  well  oil  exposed  water  may  be  a  result  of  these  bacte- 
ria associating  with  the  oil  as  the  oil  ages.  This  association  was  demon- 
strated in  the  WM  and  TM  treatment  groups.  This  also  supports  in-situ  data 
that  indicate  that  the  microbial  community  associated  with  mousse  is  distinct 
from  the  indigenous  microbial  community  (Pfaender  et  al . ,  this  report). 

Addition  of  oil  also  increased  the  abundance  of  culturable  bacteria  in  the 
sample  water  (Fig.  5).  The  density  of  colony-forming  bacteria  in  the  original 
sample  water  was  5.0  x  10^  CFU/ml.  As  with  total  cells,  the  greatest  increase 
in  CFU  occurred  following  the  addition  of  well  mousse.  The  CFU  density  of 
6.1  x  10^  CFU/ml  in  the  WM  microcosms  after  1  h  represented  a  three-order-of- 
magnitude  increase  from  the  control  water  at  1  h.  Texas  mousse  increased  col- 
ony-forming bacteria  over  two  orders  of  magnitude  to  1.5  x  10^  CFU/ml.  The 
number  of  CFU  in  the  well  oil  amended  sample  water  increased  threefold  to 
1.5  x  10^  CFU/ml.  If  it  is  assumed  that  the  enhancement  of  CFU  density  in  the 
oiled  microcosms  was  solely  a  result  of  the  addition  of  CFU  with  the  oil,  bac- 
teria originally  associated  with  the  well  mousse  accounted  for  99.9%  of  the 
bacteria  present  in  the  water  after  1  h.  Texas  mousse  and  well-oil-associated 
bacteria  comprised  99.7%  and  66.7%  of  the  suspended  bacteria  in  the  respective 
treatment  groups  in  the  1-h  sample.  Due  to  the  large  increase  in  CFU  in  the 
control  water  as  a  result  of  confinement  alone,  it  was  difficult  to  distinguish 
a  treatment  effect  for  the  whole  incubation  period. 

Addition  of  oil  did  result  in  the  alteration  of  the  generic  composition  of 
the  sample  water  (Fig.  6).  The  unimpacted  suspended  community  was  predominated 
by  Pseudomonas  sp.  and  Alcali genes  sp.  Following  the  addition  of  oil,  regard- 
less of  type,  Flavobacterium  sp.  and  Vibrio  sp.  were  increased  and  the  percent- 
age of  Pseudomonas  sp.  was  decreased.  In  the  WO  and  WM  microcosms,  Flavobac- 
terium was  the  predominant  genus;  Alcali genes  was  the  predominant  genus  in  the 
TM  microcosms.  At  the  end  of  the  incubation,  Moraxella  was  the  predominant 
genus  in  the  control  microcosms  (Fig.  7).  This  effect  of  confinement  was 
observed  in  all  treatment  groups.  In  the  well  oil  amended  microcosms,  the  per- 
centage of  Flavobacterium  sp.  and  Vibrio  sp.  had  changed  little.  Alcali genes 
was  the  dominant  genus  in  the  WM  microcosms  after  5  days  of  incubation.  Gram- 
positive  organisms  comprised  a  greater  percentage  of  the  Texas  mousse  exposed 
water.  Thus,  upon  exposure  to  oil,  the  generic  composition  of  the  pelagic  bac- 
terial community  was  altered.  The  almost  immediate  restructuring  of  the  indig- 
enous community  suggests  that  the  oil  and  mousse  are  acting  as  a  source  of  bac- 
teria to  the  water.  That  the  oil -associated  microbial  community  is  different 
from  the  suspended  microbial  community  is  noted  by  the  increased  occurrence  of 
Flavobacterium  sp.  and  Vibrio  sp.  in  the  oiled  microcosms. 

The  occurrence  of  strains  of  Vibrio^  only  in  oil-exposed  water  may  be  sig- 
nificant.  Colwell  and  Deming  (1980)  observed  a  similar  relationship  in  the 
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Figure  5. 


The  response  of  colony-forming  bacteria  abundance  to  IXTOC-I  oil: 
control  (O — O);  well  mousse  (# — #);  Texas  mousse  (■--■);  well  oil 
(A— A). 
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pharmaceutical  waste  dump  sites  off  Puerto  Rico.  Within  these  ocean  dump- 
sites,  the  predominant  bacterial  genus  was  Vibrio;  in  unimpacted  waters,  Pseu- 
domonas  was  the  predominant  genus.  Doubling  times  of  10-14  minutes  have  been 
recorded  for  some  strains  of  Vibrio  (Ulitzur,  1974),  and  many  have  exhibited  a 
capability  to  degrade  hydrocarbons  (Buckley,  1980).  Thus,  selection  of  the  oil 
for  Vibrio  sp.  may  promote  the  biological  removal  of  the  oil.  However,  the 
oil -mediated  enhancement  for  Vibrio  sp.  could  indirectly  result  in  conditions 
hazardous  to  health  if  the  selection  process  is  nonspecific  within  the  genus. 
The  strains  of  Vibrio  isolated  in  this  study  have  been  tentatively  identified 
as  Vibrio  alginolyticus,  which  is  the  most  commonly  isolated  Vibrio  from  marine 
pelagic  systems  (Baross  and  Liston,  1968).  Species  of  Vibrio  endemic  to 
coastal  marine  systems  include  fish  and  human  pathogens  (Colwell ,  1974). 
Enhancement  of  these  organisms  by  oil  intruding  the  coastal  environment  could 
create  potential  health  hazards. 

3.2  Heterotrophic  Potential  of  the  Microbial  Community 

Overall,  the  presence  of  oil  increased  the  uptake  of  amino  acids  by  the 
heterotrophic  microbiota  (Fig.  8).  The  enhancement  of  amino  acid  uptake  was 
greatest  and  most  rapid  in  the  water  exposed  to  well  mousse.  One  hour  after 
well  mousse  addition,  the  amino  acid  turnover  rate  increased  from  0.25  x 
10~3  h~l  to  4.4  x  10~3  h~*.  This  may  have  resulted  because  of  the  large  input 
of  bacteria  into  the  water  from  the  mousse.  However,  the  immediate  stimulation 
of  heterotrophic  activity  was  not  observed  in  the  well  oil  or  the  Texas  mousse 
amended  microcosms.  This  suggests  that  the  suspended  microbiota  in  the  micro- 
cosms subsequent  to  well  mousse  addition  was  better  adapted  to  the  conditions 
exerted  by  the  well  mousse  on  the  water  than  the  initial  (1-h)  microbial  com- 
munities in  the  WO  or  TM  microcosms.  That  the  well  mousse  accounted  for  the 
largest  percentage  input  of  microbiota  may  have  been  a  factor. 

Oil -mediated  stimulation  of  amino  acid  uptake  in  the  Texas  mousse  micro- 
cosms did  not  occur  until  after  day  1,  and  the  turnover  rate  after  readjustment 
was  50%  lower  than  the  final  rate  in  the  WM  microcosms.  The  uptake  of  amino 
acids  was  depressed  in  the  water  exposed  to  well  oil  until  day  5.  Between 
day  5  and  day  7,  the  turnover  rate  increased  from  4.5  x  10~3  h"l  to  14.7  x 
10~3  h~l.  Thus,  the  heterotrophic  potential  of  the  microbiota  was  not  enhanced 
until  after  the  controlling  factors  exerted  by  the  oil  on  the  bacteria  had  been 
sufficiently  altered  to  promote  amino  acid  uptake  or  after  the  microbiota  in 
the  water  had  adjusted  to  the  input  of  petroleum  hydrocarbons.  Most  likely,  a 
combination  of  the  alteration  of  the  oil  and  the  alteration  of  the  microbiota 
was  responsible  for  the  enhancement  of  bacterial  activity.  In  this  respect  it 
is  noteworthy  that  stimulation  did  not  occur  until  after  5  days  of  incubation; 
the  rate  of  amino  acid  uptake  in  the  day-5  sample  from  the  WO  microcosms  was 
similar  to  the  uptake  rate  in  the  WM  microcosms  following  mousse  addition,  and 
the  degree  of  stimulation  was  similar  in  both  treatment  groups. 

The  effects  of  the  various  oils  on  amino  acid  respiration  were  qualita- 
tively similar  (Fig.  9).  In  the  mousse-exposed  water,  amino  acid  respiration 
was  increased  within  an  hour  of  the  addition  of  mousse,  and  as  with  amino  acid 
uptake,  the  stimulation  was  greater  and  more  rapid  in  the  water  exposed  to  well 
mousse.    Although  the  presence  of  well  oil  did  not  inhibit  amino  acid 

577 


22.0 1- 


2  3  4 

TIME  (DAYS) 


Figure  8.     Effect   of  IXTOC-I    oil    on   amino   acid   uptake.      Control    (Q-O);   well 
mousse  (#—#);  Texas  mousse  (■--■);  well   oil    (A — A). 
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Figure  9.     Effect   of  IXTOC-I   oil    on   amino   acid   respiration.      Control    (O— O); 
well  mousse  (#—#);  Texas  mousse  (■--■);  well   oil    (A— -A). 
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respiration,  a  significant  enhancement  of  the  respiration  rate  did  not  occur 
until  after  day  5,  coincident  with  the  stimulation  of  amino  acid  uptake. 

3.3  Hydrocarbon  Metabolism 

In  all  of  the  oil-amended  systems,  the  microbiota  exhibited  higher  rates 
of  hydrocarbon  mineralization  than  in  the  control  communities.  It  should  be 
noted  that  rates  of  hydrocarbon  metabolism  were  calculated  using  the  concentra- 
tions of  n-hexadecane  and  naphthalene  in  the  sample  water,  which  may  cause  an 
underestimation  of  the  actual  mineralization  rate  (Pfaender  et  al . ,  this 
report).  Despite  the  microbial  mineralization  of  the  oil  in  the  microcosms,  as 
indicated  by  the  production  of  ^C-C02  from  ^C-radiolabeled  n-hexadecane  and 
naphthalene,  and  by  the  appearance  of  partially  oxidized  aromatic  compounds  as 
metabolites  of  the  bacterial  degradative  processes  (Laseter,  et  al . ,  this 
report),  the  concentration  of  hydrocarbons  in  the  water  column  did  not  decrease 
throughout  the  experiment  based  on  the  concentration  of  both  n-hexadecane  and 
naphthalene  at  days  0  and  7  (E.  Overton,  University  of  New  Orleans,  personal 
communication).  This  suggests  that:  (1)  the  oil  and  mousse  at  the  surface 
represent  a  large  reservoir  of  hydrocarbons,  which  provides  a  constant  supply 
of  these  compounds  to  the  water  within  the  microcosms,  (2)  the  hydrocarbon 
concentrations  in  the  water  are  at  or  near  saturation,  and  (3)  the  limiting 
factor  of  concentration  is  the  solubility  of  the  oil  into  the  water. 

Hexadecane  mineralization  never  exceeded  1.4  x  10~3  jug/L/h  in  the  control 
water  throughout  the  experiment  (Fig.  10).  Organisms  in  the  water  below  the 
well  mousse  showed  the  greatest  rate  of  hexadecane  metabolism.  Following  the 
addition  of  the  mousse,  the  rate  of  hexadecane  mineralization  was  0.2  /utg/L/h, 
an  increase  of  over  two  orders  of  magnitude  from  the  rate  in  the  original  sam- 
ple water.  Hexadecane  respiration  was  0.5  /ng/L/h  during  the  cell  density  maxi- 
mum and  decreased  to  0.2  /ug/L/b  by  the  end  of  the  experiment.  The  addition  of 
Texas  mousse  initially  increased  hexadecane  metabolism  by  an  order  of  magnitude 
(2.3  x  10~2  /ig/L/h),  but  the  mineralization  rate  decreased  throughout  the 
remainder  of  incubation.  By  day  7,  the  rate  of  hexadecane  utilization  in  the 
TM  microcosms  was  2.5  x  1Q~3  pg/L/h,  approximately  3  times  greater  than  the 
mineralization  rate  in  the  control  water.  The  well  oil  had  no  initial  effect 
on  hexadecane  metabolism,  but  after  day  5,  the  mineralization  rate  increased  to 

4.4  x  lO-2  /ig/L/h. 

Naphthalene  mineralization  never  exceeded  7.0  x  10~5  /ig/L/h  in  the  control 
water  (Fig.  11).  Addition  of  mousse  or  oil  stimulated  naphthalene  respiration 
in  all  treatments.  As  with  hexadecane  metabolism,  the  well  mousse  stimulated 
naphthalene  utilization  most  rapidly.  After  1  h,  the  microbiota  in  the  water 
exposed  to  well  mousse  were  metabolizing  naphthalene  at  a  rate  of  2.0  x 
10~2  /xg/L/h.  This  rate  represents  a  three-order-of-magnitude  increase  from  the 
rate  in  the  original  sample  water,  but  it  is  an  order  of  magnitude  lower  than 
the  rate  of  hexadecane  mineralization.  During  the  cell  density  maximum,  naph- 
thalene respiration  was  approximately  0.2  /ig/L/h;  at  the  end  of  the  incubation, 
the  metabolism  of  naphthalene  had  decreased  to  0.1  /ig/L/h.  Thus,  after  day  3, 
the  mineralization  rate  of  naphthalene  was  approximately  half  that  for  hexadec- 
ane. Texas  mousse  caused  an  initial  increase  in  naphthalene  metabolism  to 
2.4  x  10~3  /ig/l_/h;  well  oil  initially  increased  naphthalene  mineralization  to 
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Figure  10. 


Effect  of  IXTOC-I  oil  on  the  mineralization  rate  of  n-hexadecane. 
Control  (O — O);  well  mousse  (#—#);  Texas  mousse  (■--■);  well 
oil    (A — A). 
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7.8  x  10~3  /ig/L/h.  Whereas  naphthalene  respiration  did  not  increase  again  in 
the  WO  microcosms  until  after  day  5,  the  rate  of  naphthalene  metabolism  in  the 
Texas-mousse-impacted  water  increased  throughout  the  incubation. 

The  mineralization  rate  of  hexadecane  was  always  greater  than  the  rate  of 
mineralization  of  naphthalene  in  samples  from  control,  WM,  and  WO  microcosms: 
it  is  well  established  that  bacterial  degradation  of  hydrocarbons  is  most  rapid 
for  straight-chain  alkanes  (McKenna  and  Kallio,  1965;  Foster,  1962;  Van  der 
Linden  and  Thijsse,  1965).  However,  in  the  Texas  mousse  microcosms,  the  com- 
munity was  metabolizing  naphthalene  more  rapidly  than  hexadecane  by  the  end  of 
the  incubation  period.  This  may  be  the  result  of  a  higher  percentage  of  aro- 
matic content  in  the  more  weathered  Texas  mousse.  Chemical  analyses  of  oil  and 
water  from  the  microcosms  may  help  identify  the  mechanism  of  this  effect. 

5.  SUMMARY 


The  responses  of  the  microbial  community  to  exposure  to  the  various  oils 
were  (1)  increased  total  bacterial  cell  density,  (2)  shifts  in  the  generic 
composition  (i.e.,  species  predominance)  and  cell  type  distribution, 
(3)  increased  heterotrophic  activity,  in  terms  of  amino  acid  uptake  and  respi- 
ration, (4)  increased  mineralization  of  n-hexadecane  and  naphthalene,  and 
(5)  the  production  of  partially  oxidized  aromatic  compounds  as  metabolites  of 
the  bacterial  oxidation  of  the  oil  in  the  microcosms.  The  well  mousse  caused 
the  most  rapid  and  largest  alterations  in  the  sample  water.  This  was  initially 
due  to  the  addition  of  bacteria  from  the  mousse.  These  bacteria  were  already 
adapted  to  the  presence  of  hydrocarbons  from  the  mousse  and  consequently  were 
capable  of  responding  rapidly  to  the  microcosm  environment,  which  contained 
additional  nutrients  from  the  sample  water  and  which  was  oxygenated  continu- 
ously. These  two  factors,  oxygen  and  nutrient  limitation,  are  postulated  to 
limit  biodegradation  in  the  mousse  environment  (Atlas  et  al . ,  this  report). 
In  the  well  oil  microcosm,  a  microbial  community  was  induced  from  both  the  oil 
and  sample  water  that  was  advantageous  to  the  presence  of  oil.  This  suggests 
that  the  density  of  the  well -oil -associated  bacteria  was  considerably  lower 
than  the  microbial  density  of  the  well  mousse. 

In  consideration  of  the  overall  effect  of  the  oil  on  the  pelagic 
microbiota,  the  oil,  in  effect,  molds  the  composition  of  the  community  by 
selecting  for  populations  with  favorable  nutritional  and  physiological 
properties.  But  observations  from  this  experiment  suggest  that  the  effect  is 
not  unidirectional;  i.e.,  the  bacteria  in  turn  are  able  to  modify  the 
composition  of  their  surroundings.  At  the  end  of  the  experiment,  the  physical 
characteristics  of  the  fresh  well  oil  were  similar  to  those  of  fresh  mousse. 
That  the  fresh  mousse  can  serve  as  a  good  medium  for  microbial  growth  was 
observed  by  the  enhancement  of  bacterial  abundance,  metabolic  activity, 
hydrocarbon  degradation,  and  the  appearance  of  metabolites  of  microbial 
oxidation  processes  in  the  microcosms.  In  addition  to  being  a  source  of 
carbon,  the  mousse  can  function  as  a  source  of  surface  area,  which  will  further 
enhance  microbial  growth  (ZoBell  and  Anderson,  1936).  The  alteration  of  the 
structure  and  metabolism  of  the  initial  community  associated  with  the  well  oil 
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to  a  community  similar  to  that  initially  associated  with  the  well  mousse  sug- 
gests that  the  microbiota  may  play  an  important  role  in  the  conversion  of  fresh 
well  oil  into  mousse. 

In  conclusion,  the  presence  of  oil  had  a  profound  influence  in  determining 
the  composition  and  metabolic  activity  of  the  microbial  communities  within  the 
microcosms;  the  metabolism  of  the  community  in  turn  may  alter  the  physical  and 
chemical  properties  of  the  oil.  The  presence  of  high  numbers  of  bacteria  asso- 
ciated with  the  oil  may  facilitate  mousse  formation. 
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APPENDIX  I 


Kinds  and  Numbers  of  Samples  Collected 


SAMPLE  TYPE 
Air  Sample 
Ammonia  -  NH. 

Microbiology,  Acridine  Orange  Direct  Counts  of  Bacteria 

Bottom  Sediment 

Chlorophyll 

Control  FLO 

Control  HpO,  Chlorophyll 

Control  HpO,  Extracted 

Control  H«0,  Low  Molecular  Weight  Hydrocarbons 

Control  H«0  Particulates 

Dead  Fish 

Hydrocarbon  Biodegradation 

Kjeldahl  Analysis 

Large  Scale  Hydrocarbon  Biodegradation 

Long  Term  Microcosm  Study 

Low  Molecular  Weight  Hydrocarbon,  H^O 

Microbiology 

14 
Microbiology  -  C  ,  Amino  Acid 

14 
Microbiology  -  C  ,  Hexadecane 

14 
Microbiology  -  C  ,  Naphthalene 

3 
Microbiology  -  H  ,  Amino  Acid 

Microbiology  -  Plate  Counts 


NUMBER  OF  SAMPLES 
37 

22 
69 
98 
82 
19 
18 

3 
21 

6 

1 
19 

2 

4 
12 
130 
34 
15 
15 
15 
15 
32 
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SAMPLE  TYPE  NUMBER  OF  SAMPLES 

Mousse 

Nutrients 

Oil  Covered  Shell 

Oil  Patch 

Oil/  Water  Emulsion 

Dissolved  Oxygen 

Particulates 

Plankton 

Purge  Trap  -  Extracted  -  Filtered 

Salinities 

Sand,  Beach 

Sheen 

Spanish  Mackeral  -  Liver  and  Muscle 

Surface  Matter 

Tar 

Trace  Metals  (For  Mexico) 

Trace  Organics 

Volatile  Hydrocarbons 

Weed  (Possibly  Sugar  Cane) 

Whole  H20 


93 

100 

1 

1 

2 

100 

31 

67 

7 

63 

3 

112 

1 

10 

26 

12 

1 

68 

1 

303 
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APPENDIX  II 


Explanation  of  Sample  Code 

An  example  and  explanation  of  the  Sample  Code  is  as  follows: 

Example:  RIX04A005 

The  first  letter  designates  the  ship  from  which  the  sample 

was  taken; 

'R'  designates  RESEARCHER  and  'P'  PIERCE. 

The  second  and  third  letters  designates  the  cruise;  thus, 
'IX'  designates  the  IXTOC  cruise. 

The  next  two  numbers  of  the  Code  designates  the  Station 

number;  thus, 

'04'   indicates  Station  number  4. 


The  sixth  character  indicates  who  took  the  sample;   thus, 
'A'    indicates  the  sample  was  taken  by  someone  from  AOML. 


The    other   codes    and    their   meaning    are    listed    below: 

A=  AOML 

B=  Texas  A&M  University 

E=  Energy  Resources  Company, Inc. 

F=  Woods  Hole  Oceanograp.hic  Institution 

K=  Global  Geochemistry  Corporation 

L=  University  of  Louisville 

M =  Mexico 

N=  University  of  North  Carolina 

0=  University  of  New  Orleans 

R=  NOAA/NMFS/SEFC, BEAUFORT,  N.C. 

S  =  Science  Applications, Inc. 

W=  University  of  Washington 

The  last  three  numbers  indicate  the  sequential  sample  #; 
thus,  '005' indicates  the  fifth  sample  taken  by  that 
"group. " 

In  summary  the  Sample  Code  Numbers  indicate  the  following 


'R'  or 


Ship 


I  D  I 


IX 


Cruise 


04 


Station  # 


005 


Samp 


er  s 


Code 


Sample  # 
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